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ABSTRACT
Annealed fo i l  specimens of Polycrystalline Copper and Copper- 
Nickel alloys containing 5, 10 and 30 a t .% Ni and also a commercial 
alloy  (Constantan) with an approximate composition of 47 a t . 35 Ni were 
c y c lic a lly  deformed under conditions of constant tota l s tra in  amplitude. 
Electr ica l resistance changes were measured during cyclic deformation a t  
room temperature, for to ta l stra in  amplitudes between ± 0 .4 x 10” 3 and 
± 3.8 x 10"3. For a l l  compositions except the commercial a l lo y ,  measure­
ments were also made a t  l iqu id  nitrogen temperature a f te r  fatigue a t  that  
temperature. Annealing studies were used to in terp re t  the results and to 
determine the migration energies of point defects produced during cyclic  
deformation.
Values of flow stress were determined a fte r  cyclic  deformation a t  the 
highest stra in  amplitude, as a function of Ni concentration and fo r  the 
commercial a llo y , over a range of grain sizes. The results are compared 
with those previously obtained fo r  rod specimens and discussed in terms of 
solute and dislocation hardening. A universal re la tion  between hardening 
and the number of cycles has been found to f i t  a l l  the alloys a t  the 
high amplitude.
A study has been made of the e f fe c t  o f increasing Ni concentration 
and stra in  amplitude on the persistent s l ip  bands formation, using optical 
and scanning electron microscopy. Threshold values of the saturation  
plas tic  s tra in , below which these bands do not appear, were estimated fo r  
the 5 and the 10 at.% Ni alloys and compared with pure Cu. These results  
have been used to in terpre t the cyclic hardening measurements.
Previous workers have suggested that the break-up of Ni c lusters,  
by cyclic deformation is the major contribution to the resistance change, 
a smaller contribution being a ttr ibu tab le  to the introduction of defects. 
The d if fe re n t  contributions have been quantita tive ly  estimated fo r  the 5 
and the 10 at.% Ni a lloys.
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• NOTES ;
1. Tables, f igures , diagrams and plates w i l l  be found a t the end of
the relevant Chapters, except fo r  Chapter 7 where the figures appear
a t the end of the relevant parts.
2. A l i s t  of references appears a t  the end of the thesis.
3. The composition of a l l  alloys used in the present investigation are
in atomic percent and w il l  be referred to as % N i . The conmercial
a llo y  (Telconstan) w i l l  be referred to as 47% Ni. Those quoted from
other work are also given in % i f  they were reported in atomic 
percent, otherwise they w i l l  be given in th e ir  published form.
4. SI units w i l l  be used throughout the thesis (including those quoted 
from other work which were o r ig in a lly  given in d i f fe re n t  u n its ) .
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d
constant to ta l stra in  amplitude 
constant p lastic  s tra in  amplitude
plastic  stra in  range = p lastic  strain per \  cycle = 2e
p lastic  resolved shear strain amplitude
saturation resolved shear stress
in i t i a l  y ie ld  stress
tensile  flow stress a f te r  N cycles
tensile  saturation flow stress
cumulative p lastic  strain = 4N|ep| (where N is  number
of cycles in a constant strain test)
stacking fa u l t  energy
number of cycles to crack in i t ia t io n
cyclic stress-stra in
persistent s lip  bands
Scanning electron microscopy
Transmission electron microscopy
High voltage electron microscopy
short range order
grain size
CONTENTS
Page
CHAPTER 1 -  INTRODUCTION
1-1. Estimation of fatigue damage 1
1-2. The previous investigations 1
1-3. Present investigation 2
CHAPTER 2 - CHANGES IN ELECTRICAL RESISTIVITIES
2-1. Introduction 4
2-2. The contribution of defects to the r e s is t iv i ty
of a pure Cu and N i . 5
2 -2 .1 . The r e s is t iv i ty  due to dislocations 5
2 -2 .2 .  The re s is t iv i ty  due to point defects 6
2-3 . The change of re s is t iv i ty  during fatigue 8
2-4 . Recovery stages for the -e lec tr ica l r e s is t iv i ty  11
2 -4 .1 . Recovery stages a f te r  ir rad ia t io n  11
2 -4 .2 .  Recovery stages a f te r  p las tic  deformation 12
2-5. Values o f activation energies of recovery processes 14
2-6. Evidence fo r  clustering in Cu-Ni alloys 17
2-6 .1 . General introduction 17
2-6 .2 . Neutron scattering 18
2-6 .3 . Magnetic su scep tib ility  19
2-7. The e f fe c t  of ageing and clustering on the
re s is t iv i t ie s  22
2-8. Summary and conclusions 24
CHAPTER 3 - FATIGUE HARDENING
3-1. Introduction 29
3-2. The cyclic  s tress-stra in  curves for fatigued
Copper and Nickel 30
3 -2 .1 . Monocrystals 31
3-2 .2 . Polycrystals 32
- v m -
Page
3-3. The dislocation configurations in fatigued Cu 33
3-4. The dependence of hardening on grain size 35
3-5. The e f fe c t  of substitutional solute atoms on
fatigue hardening 37
3-6 . The temperature dependence of the flow stress and 
the role of point defects in the fatigue hardening
of Copper 40
3-7. Summary and conclusions 42
4 - EXPERIMENTAL TECHNIQUES
4-1. Introduction 45
4-2. Material composition 45
4-3. Specimen preparation 45
4-4. The fatigue machine 47
4-5. E lectr ica l resistance measurements 48
4-6. Yield stress measurements 49
4-7. Annealing of the specimens 50
4-8. Long term ageing 52
4-9. Microscopic observations 52
4 -9 .1 .  Optical microscope observations 52
4 -9 .2 .  Scanning electron microscope observations 53
5 - MEASUREMENTS OF ELECTRICAL RESISTANCE CHANGES DURING 
FATIGUE AND SUBSEQUENT ANNEALING
5-1. Grain size and in i t i a l  re s is t iv i t ie s 59
5-2. E lec tr ica l resistance changes during fatigue 59
5-2 .1 . 5% Ni a lloy 59
5-2 .2 . 10% Ni a lloy 61
5-2 .3 . 30% Ni a lloy 62
5-2 .4 . 47% Ni a lloy 64
5-2 .5 . Ageing of fatigued specimens 65
CHAPTER
CHAPTER
- i x -
Page
5 -2 .6 . Variation of |AR/R| versus E|e | 66
5-3. E lec tr ica l resistance changes during annealing
a f te r  fatigue 66
5-4. Calculation of the activation energy associated
with the annealing out of the re s is t iv i ty  changes 68
6 - MEASUREMENTS OF FATIGUE HARDENING AND MICROSCOPIC
OBSERVATIONS
6-1. Cyclic hardening data 86
6^2. Y ield stress changes with fatigue cycles 86
6-3. Microscopic'observations 88
7 -  DISCUSSION
Introduction 109
PART A -  MECHANISMS OF ELECTRICAL RESISTANCE CHANGES 
7A-1. Alloys with low Ni concentration 109
7A-1.1. The estimation of defect and solute
rearrangement contributions to the tota l 
r e s is t iv i ty  changes of fatigued 5% and 
10% Ni a lloys. 110
7A-1.2. The variation of AR/R with the number of
fatigue cycles 116
7 A - 1 .3 .  The r e s is t iv i ty  changes caused by anneal­
ing a f te r  fatigue 117
7 A - 1 .4 .  The e f fe c t  of stra in  amplitude 121
7A-2.  Alloys with a high Ni concentration 123
7A-3 .  The varia tion  of |AR/R| with z|e | fo r  Cu-Ni a l l o y s l 2 7
r
7A-4. The e f fe c t  of composition on the e le c tr ic a l re s is t ­
iv i t y  changes in Cu-Ni a lloys. 128
PART B -  MECHANISMS OF FATIGUE HARDENING
7B-1. An estimation of the defect contributions to the
tota l hardening of fatigued Cu a t  d i f fe re n t  
stra in  amplitudes 
7B-2. Comparison of the cyclic hardening of Cu fo i ls  
with results fo r  rod specimens 
7B-3. Flow stress dependence on the grain size in 47%
Nr ~a 1Toy
7B-4. The e f fe c t  o f Ni composition and stra in  amplitude 
on the flow stress.
7B-5. Comparison of cyclic hardening between fo i l  and
rod specimens of 47% Ni a lloy
7B^6. The cyclic stress-stra in  curve of 10% Ni a l lo y -  
comparison with Cu 
CHAPTER 8 -  GENERAL CONCLUSIONS 
REFERENCES
CHAPTER 1
INTRODUCTION
1 -1 . Estimation of fatigue damage
Fatigue is the fa i lu re  by fracture when a solid is subjected to 
repeated loads, each load being too small to cause fa i lu re  i f  applied 
on i ts  own. A sample must undergo a number of cycles of p las tic  s tra in  
before fracture occurs, since only p lastic  s tra in  causes structural 
damage. In industry information may be required for designing structural 
components which W ill be subjected to a de fin ite  number of load cycles 
in th e ir  l i fe t im e . Wing structures and fins of a ir c ra f t  are examples o f  
members which are subjected to only a lim ited number of stress reversals 
in th e ir  working l i f e .  I t  is obvious that i f  one considers a component 
to be restric ted  to a stipulated amount of fatigue damage, a f te r  which i t  
is taken out of service, more e f f ic ie n t  and economic use of materials is  
achieved than i f  the component is designed to have the strength necessary 
fo r  an in f in i te  l i f e .  In order to measure the cyclic loading which takes 
place in d if fe re n t  components, i t  is valuable to design a gauge fo r  this 
sort of measurement. Such a gauge should be small and capable o f continuous 
monitoring. The fatigue gauge which satis fies  some o f the requirements 
was f i r s t  marketed under a patent from the Boeing Company in  1964. The 
sensing material used is an annealed constantan fo i l  (Cu -  43% N i , 2% Mn 
with traces of C, S, Si and Co), Begemann and S l i n d ^ .  From the reading 
of the gauge resistance change, an estimate may be made o f the load 
history of the structure to which the gauge is attached, using appropriate 
ca lib ra tion  curves.
1_2. The previous investigations
For several years following the publication of Begemann and S l i n d ^ ,
research was carried out a t  the University of Surrey in an attempt 
to improve the output of the fa t ig u e - l i fe  gauge, using the commercial 
alloy Telconstan (s im ila r  to the gauge m aterial) as well as to study 
the cause of e le c tr ic a l resistance changes during fa tigue. The work 
was extended to include other compositions of Cu-Ni alloys in the 
range of 10% to 76% N i . None of the compositions below = 45% Ni 
f u l f i l l e d  the requirements for fatigue gauge material as shown by 
R o b in s ^  and S h im m in ^ . Nevertheless there has been some success in  
understanding several aspects of the fatigue mechanisms o f Cu-Ni alloys  
under d if fe re n t  conditions. The results have appeared in several 
publications by Charsley and co-workerl 4 ,5 ,6 ,7 )^  ^  ^as ^een s|10wn
that for alloys with Ni compositions > 30%, the resistance increases 
with fatigue cycles, while for alloys with 10% and 20% N i , the 
resistance i n i t i a l l y  decreases. • -
A considerable amount of evidence is available that concentrated 
Cu-Ni alloys exh ib it  c lustering, p a rt icu la r ly  near the c r i t ic a l  
composition ( -  44% N i) which separates para-from ferromagnetism, a t  
room temperature. On the assumption that the clusters are present in 
compositions as low as 10% N i , the e lec tr ic a l re s is t iv i ty  results were 
interpreted in terms of break-up of these clusters by p las tic  deformation 
during fatigue. However, to explain the differences in behaviour, the 
e ffe c t  of c luster size on the re s is t iv i ty  would have to vary with  
composition. Some recent theoretical work by R o s s i te r ^  has supported 
this approach. Fatigue hardening has also been studied, but not in  
d e ta i l .
1_3. Present investigation
The present work is a continuation of some aspects of the research
carried out by R o b in s ^  and S h im m in ^ . However, in this investigation,  
much more emphasis has been given to a study of the fatigue hardening 
behaviour of Cu-Ni a lloys. The aim of this work, is in part to assist  
in understanding the re s is t iv i ty  changes, but also to study the e f fe c t  
on fatigue hardening when Ni is alloyed with Cu. The e f fe c t  of grain 
size and s tra in  amplitude have been investigated and the results compared 
with the measurements on rod specimens made by Shimmin^ and other work 
To assist in the in terpretation of the cyclic hardening measurements, 
observations were made of s l ip  bands using the optical microscope and SEM 
In order to understand the atomic processes in more d e ta i l ,  p a r t ic u la r ly  
in re la tion  to re s is t iv i ty  changes, measurements have been made of the 
activation energies involved in annealing a f te r  fatigue.
In the l i te ra tu r e ,  various experimental results show that fo r  Cu 
the resistance increases with fatigue cycles, while as previously 
mentioned, the resistance decreases fo r  the 10% N i , suggesting that  
there may ex is t  a c r i t ic a l  concentration of Ni atoms below which the 
resistance would increase during fa tigue. In order to investigate this 
point, i t  was decided to measure the resistance changes during fatigue  
fo r  a 5% Ni a l lo y . An upper c r i t ic a l  concentration, below which the 
resistance should decrease with fatigue has been estimated by Charsley 
and Shimmin^^ to be -  25% Ni .
CHAPTER 2 
CHANGES IN ELECTRICAL RESISTIVITIES
2-1. Introduction
In pure metals, the electrons can move in  a potential which has 
a period ic ity  which is the same as that of the crystal l a t t ic e .  Under 
these ideal conditions, there w i l l  be no resistance to the electron  
motion. When the period ic ity  of the la t t ic e  is disturbed e .g . due to 
the thermal v ibration o f the atoms or the presence of a solute atom, 
scattering of conduction electrons w i l l  occur and give r is e  to 
e lec tr ic a l r e s is t iv i ty .  The presence of a solute atom in a binary 
solid solution w i l l  cause a disturbance in the period ic ity  o f the e le c tr ic  
f ie ld  w ithin the la t t ic e  a t  that point due to a size difference and any 
valence difference of the two constituents. According to Matthiessen's 
ru le , the total re s is t iv i ty  can be considered to be the sum of the 
temperature dependent re s is t iv i ty  py and a temperature independent 
r e s is t iv i ty  pQ, i . e .
P l = P T +P0
I f  defects are introduced into the metals or alloys as the resu lt  of  
ir rad ia t io n  or p lastic  deformation then the tota l r e s is t iv i ty  w i l l  be 
changed to a new value of p2 as follows:
p2 = po + PT + PD
where p  ^ is  the re s is t iv i ty  contribution due to the defects and can be 
estimated from the difference between the in i t ia l  and f in a l r e s is t iv i t ie s  
i . e .  p-j and providing that py is unchanged.
In a lloys, where atomic clustering is known to occur, the formation 
and destruction of the clusters w i l l  have s ign if ican t e f fe c t  on the tota l 
r e s is t iv i ty .  In that case, the tota l re s is t iv i ty  p  ^ would be:
p3 = p2 + ps
where p^  is the contribution due to solute re-arrangement to the to ta l
-b -
r e s is t iv i ty . \
On the assumption that the values of the r e s is t iv i t ie s  are 
proportional to the defect density, the e lec tr ica l r e s is t iv i t y  technique 
is widely used as a measure of the defect concentration in metals and 
alloys. The recovery of the r e s is t iv i ty  during annealing can be used 
to id en tify  d i f fe re n t  defects.
2-2. The contribution of defects to the re s is t iv i ty  of a pure Cu and N i .
There is  no data availab le  fo r the e ffec t of dislocations on the 
re s is t iv i ty  of Cu-Ni alloys and very l i t t l e  is available  fo r point defects. 
Therefore, the r e s is t iv i ty  of defects in pure Cu and Ni w i l l  be considered 
from which i t  is hoped that some estimate of th e ir  contribution in Cu-Ni 
alloys may be made.
2 -2 .1 . The re s is t iv i ty  due to dislocations
The most re l ia b le  and d irect method for determining the r e s is t iv i ty  
due to dislocations is by measuring the dislocation density using thin  
fi lm  TEM. Using this technique, Rider and Foxon^  determined a value 
of 1.3 x 10“25 ftm3 and 1.6 x 10"25 ftm3 for pure po lycrysta lline  Cu 
a t 4.2K and 78K respectively. Basinski and S im o to ^ )  obtained a value of
1.0 x 10"25ftm3for Cu monocrystals a t  4.2K. Kressel and Brown^1) used 
the r e s i t iv i t y  measurements a f te r  deformation a t  80K of pure Ni and 
reported a value of 10 x 10”25 ftm3.
In his review on the re s is t iv i ty  of dislocations in Cu, Shimmin^  
suggested that a value of (2 -2 .5 ) x 10”25 ftm3 may be taken fo r  the 
re s is t iv i ty  of dislocations a t  295K. Charsley and R o b in s ^ )  used the 
values of (1 .6 -2 )  x !0 " 25 ftm3 to determine the density of dislocations  
in fatigued Cu a t  295K. Accordingly, i t  is suggested that a value of 
2 x 10~25 ftm3 may be taken to represent the r e s is t iv i ty  of dislocations
-6 -
in Cu a t  room temperature, and this value w i l l  be used fo r  the Cu-Ni 
alloys with Ni content of < 20%.
I t  has been suggested by some workers e.g. 8room(^) ancj p0i nted 
out by R o b in s^  that the value of the dislocation r e s is t iv i ty  depends 
on the SFE of a given metal or a l lo y . I t  w i l l  be shown in Section 3-5 , 
that the SFE does not change remarkably in these a llo ys . I t  is un like ly  
therefore, that the SFE causes any s ign if ican t change in the dislocation  
r e s is t iv i ty  fo r  the alloys of Cu and Ni considered in the present work.
2 -2 .2 . The r e s is t iv i ty  due to point defects
By combining the values of vacancy concentration found by means of 
equilibrium dilatometry obtained by Simmons and B a l lu f f i  with the 
re s is t iv i ty  measurements obtained by quenching due to other workers,
Simmons and B a l lu f f i ,  reported a value of 1.5 x 10“8 ftm per at.% of vacan­
cies in Cu. Data obtained more recently from quenching experiments was 
used by Schule and Scholz^5  ^ to obtain a value of 1.7 x 10"8 Cim per 
at.%  of vacancies. Theoretical estimations reviewed by Takamura^^  
are in good agreement with the above values. Bourassa and L e n g e le r^ ^  
combined th e ir  r e s is t iv i ty  data for quenched Cu with the dilatometry  
data of Simmons and B a l lu f f i  to obtain the rather low value of 
0.62 x 10"8 Qm per at.%. Referring to other work, Bourassa and Lengeler, 
suggested that the correct value should be higher, probably between
1.0 and 1.5 x 10"8 ftm per at.%. On the other hand, Borchi and De Gennaro^^^ 
concluded that even the la t te r  value is probably too small, basing th is  
conclusion on the loss of vacancies during the quenching process (mainly 
due to the continuous annealing out of the highly mobile di-vacancies 
formed during quenching). Instead they combined the equilibrium r e s is t iv i ty
( 19)
measurements obtained by Ascoli et a l v ' ,  with the equilibrium dilatometry
-7 -
measurements by Simmons and B a l l u f f i t o  obtain a new value 
> 6 x 10“8 tan per at.%.
From recent measurements of the e lec tr ica l re s is t iv i ty  of quenched 
high purity Ni , Wycisk and Kniepm eier^^ estimated values of 2.33 x 
10"8 and 3.61 x 10“8 ftm per at.% of vacancies for two specimen 
diameters of 60 and 30 ym respectively. In th e ir  previous p a p e r^ ^  
they a ttr ibu ted  the greater value to the higher formation energy obtained. 
This value is close to that obtained by Clarebrough e t a l ^ ^  using 
the stored energy.measurements a f te r  deformation.
There have not been many experimental determinations of the 
re s is t iv i ty  of in te r s t i t ia l  defects. For Cu, B l a t t ^ ^  calculated a 
value of 1.4 x 10"8 tan per at.% for in te r s t i t ia l  point defects. The 
r e s is t iv i ty  due to this defect in Ni was found to be -  8 x !0"8tan 
per at.% by Clarebrough et a l ^ ^  using the stored energy method.
By means of the recovery of e lec tr ica l resistance changes a f te r  
electron radiation damage, Lucasson and W a lk e r ^ )  measured values of 
1.3 x 10“8 and 3.2 x 1CT8 tan per at.% for the r e s is t iv i ty  due to 
Frenkel pairs in Cu and Ni respectively. The values of the r e s is t iv i ty  
due to this defect in Cu and Ni were found to be about twice as large 
as these values by Burger et a l ^ ^  from measurements following low 
temperature ir ra d ia t io n  with neutrons. Using a d iffuse X-ray scattering  
technique, Haubold and M a r t in s e n ^ )  obtained a value of 2.2 x TO’ 8 ftm 
per at.% of Frenkel pairs in Cu.
For this metal, values of 1.5 x 10“8 and 2.5 x 10“8 tan per at.% 
due to monovacancies and Frenkel pairs defects respectively are 
generally accepted fo r  use in calculations. The corresponding values 
due to these defects in Ni can be taken as 4 x 10"8 and 6 x 1CT8 tan 
per at.% respectively. The former values w i l l  be used fo r  alloys with
-8 -
low Ni concentration in the present work.
2-3. The change of re s is t iv i ty  during fa t ig u e .
Alloys have received l i t t l e  attention regarding changes of 
r e s is t iv i ty  with fa tigue. For Cu and its  a lloys, the availab le  data 
has been obtained using widely d iffe ren t conditions. Work on poly- 
c rys ta ll in e  Cu up to 1974 has been reviewed by Shimmin^ .
During the fatigue of polycrystalline Cu fo i l  (p u r ity  99.997%),
Chars!ey and R o b in s ^ )  measured a tota l change of 0.18nf2m a t  295K 
using = ± 1.4 x 10"3. For measurements a t  78K, Shimmin^ used 
the same method and obtained values of 0.52 and 0.13nftm fo r  fatigue  
a t 78K and 295K respectively. No saturation in the r e s is t iv i ty  was 
observed a t  e ither temperature. Johnson and J o h n s o n o b s e r v e d  
a saturation of the r e s is t iv i ty  of =* 0 .05nan measured a t  4.2K fo r  OFHC Cu 
fatigued a t  295K between constant stress amplitude lim its  of 135MPa. 
Charsley and Robins^ ^  estimated that this value would be -  0.08nftm 
§ t 295K, by considering the temperature dependence of the r e s is t iv i ty .  
These authors, a ttributed  the difference in the r e s is t iv i ty  values to the 
difference in shape between th e ir  specimens and those of Johnson and 
Johnson. I t  was assumed that the fo i ls  corresponded to the surface layers 
of bulk specimens. Charsley and Robins a ttr ibuted  45% of the f in a l  
increase in r e s is t iv i ty  to s l ip  associated with PSBs; this increase in 
the re s is t iv i ty  would not be detected in the bulk specimen, since PSBs 
occur only in the surface layers. Their argument may not be fu l ly  
accepted, because of the recent TEM work by Rasmussen and Pedersen^28  ^ and 
Winter e t a l ^ ^  which confirmed the existence of PSBs in grains from 
the central regions of bulk polycrystalline specimens of Cu. The above
-9 -
difference in the re s is t iv i ty  may, however, be partly  due to the 
subjection of the rod specimens to a less uniform plastic  stra in  
whereas there was a more uniform stra in  along the length of the fo i l  
specimens. Moreover, Figueroa et a l ^ ^  have shown that the CSS 
curve under load control is d if fe re n t  from that under a stra in  
control te s t .
Fatigue a t  4.2K using a constant stress amplitude of ± 54MPa 
and a tota l s tra in  amplitude of ± 2 x 10"3 for commercial poly- 
c rys ta ll in e  Cu (grade-1) was carried out by Fisher et a l ^ ^ .  As 
the values o f per cycle decreased and reached constant values a f te r  
-  500 cycles in both cases, the r e s is t iv i ty  changes a t  this stage 
were found to reach a saturation value of 2.5 times that of the i n i t i a l  
value (0.018nftm) for the constant stress amplitude tes t. There was no 
indication of r e s is t iv i ty  saturation for a specimen fatigued a t  s tra in  
amplitude te s t .  In the la t te r  case, i t  was possible to estimate from 
th e ir  curve of AR vs. N a value of O.llnftm fo r  the r e s is t iv i ty  
increase a f te r  -  500 cycles.
The only data available  for the re s is t iv i ty  change of pure Ni 
with fatigue cycles is that obtained by K le inert and Frank^^^.
During the fatigue of po lycrystalline samples a t  295K in push-pull 
between constant to ta l stra in  lim its  of ± 1 x 10"3 and ± 3 x 10"3, 
they measured the excess r e s is t iv i ty  Ap a t 78K and found i t  to reach 
a saturation value fo r  a l l  testing amplitudes. From th e ir  p lo t of Ap 
versus the number of cycles, a total re s is t iv i ty  increase of -  0.50 and 
0.25nftm fo r  fatigue a t  the lower and the upper amplitude respectively  
is estimated. Contrary to the results of cyclic torsion and constant 
stra in  amplitude tests for Cu obtained by P o l a k ^ 9^  and Charsley 
and R obins^^  respectively, the saturation value of Ap decreased
with an increase of stra in  amplitude.* Their TEM observations revealed 
stable dislocation configurations in which regions of low dislocation  
density are surrounded by regions of high density. The decrease of 
Ap with increasing stra in  amplitude a t  saturation was suggested to be 
caused by an increase in the fraction of the low dislocation density 
volume. In fa c t  th e ir  dislocation configurations are very s im ilar to 
those observed in fatigued Cu, e .g. P o la k ^ ^ .  Therefore, the above 
argument is not very convincing. I t  must also be remembered that pure 
Ni is a ferromagnetic material and the e ffec t of ferromagnetism may not 
be ruled out. The la t te r  e f fec t  was thought to be the reason for the 
i n i t i a l  decrease in resistance with cycles during the room temperature 
fatigue of pure Ni a t  = ± 1.4 x 10”3 by R o b in s ^ .
For po lycrystalline Cu-Ni a llo ys , the r e s is t iv i ty  change during 
fatigue depends on the a lloy  compositions. At a given s tra in  amplitude, 
Charsley and co-workers^9 measured in i t i a l  decreases in the 
re s is t iv i ty  with fatigue cycles for 10% and 20% Ni . The r e s is t iv i ty  
passed through a minimum and increased again, the tota l change not 
becoming positive. In contrast, the r e s is t iv i ty  was found to increase 
always with cycles for alloys with a composition between 30% Ni and 
76% Ni (which was the highest composition studied). In a l l  cases, the 
results were interpreted in terms of cluster break-up during fatigue
as well as the introduction of defects.
Cyclic deformation of a-Brass (Cu-30% Zn) in the temperature range 
273K to 363K was carried out by Damask et a l ^ ^  and for aged A l - I^ S i  
a llo y  a t  295K by Shimura et a l ^ ^ .  In both cases, the r e s is t iv i ty  
i n i t i a l l y  decreases, although the minimum was not found for the a-Brass, 
except a t  temperature 333K. The decrease in the re s is t iv i ty  in the A l-P^S i
a llo y  was interpreted as due to the destruction of 6.P zones by
dislocation motion, whereas in a-Brass, i t  was ascribed to the enhancement
of s .r .o .  caused by the diffusion of vacancies.
2-4. Recovery stages fo r  the e le c tr ic a l re s is t iv i ty
Point defects can be introduced into a metal crystal by 
i r ra d ia t io n , p lastic  deformation and by quenching from a higher 
temperature. The annealing out of these defects occurs in several 
recovery stages usually considered to be f iv e .  • Stage I is found 
only a f te r  ir ra d ia t io n . There is no conclusive agreement in the 
l i te ra tu re  on the type of defect mobile in any of these stages nor on 
the exact temperature a t  which each stage occurs, p a rt ic u la r ly  for  
Stages I I  and I I I .  For example, the recovery process of Stage I I I  in 
fee metals has been widely discussed with contradictory in terpretations.
2 -4 ,1 . Recovery stages a f te r  irrad ia tio n
Isochronal annealing studies of the recovery of electron and fa s t  
neutron ir rad ia t io n  for Cu, Ni and some other fee metals have been 
reviewed by Schilling  et a l^ 37  ^ and by Horak and B l e w i t t ^ ^ .  The 
suggested temperature intervals for isochronal recovery stages in 
irrad iated Cu and Ni are shown in Table 2-1. Schilling  e t - a l ^ ^  
suggested that during ir ra d ia t io n , equal numbers of vacancies and 
in te r s t i t ia ls  are produced.
The details  of the recovery processes responsible for stage I I  
are not well understood. For Cu, Horak and B l e w i t t ^ ^ ,  suggested 
that the dominant mechanism is the release or relaxation of in t e r s t i t ia ls  
from the stra in  f ie ld s  of the large defect clusters that are produced 
by fa s t  neutron ir ra d ia t io n , and not due to the release of in t e r s t i t ia ls  
from impurity atom traps as was postulated by Schilling e t  a l^ 37^. Other 
possible mechanisms proposed for Stage I I  are single or di-vacancy and
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d i - in t e r s t i t ia l  migration. 1
Stage I I I ,  which occurs for Cu down to -  200K and fo r  Ni above 
-  300K, has been a ttributed  to monovacancy or m onointerstitia l 
migration. However, a recent review by B a l lu f f i^ 3^  has given new 
evidence that monovacancy migration is the responsible mechanism in 
Stage I I I  for a number of electron irradiated fee metals, p a r t icu la r ly  
fo r  Cu, as shown by Wienhold et a l ^ 3  ^ and Minier et a l ^ ^ .  In 
addition, Mantal and T r if ts h a u s e r^ 3  ^ who used the positron annihilation  
technique combined with e le c tr ic a l r e s is t iv i ty  measurements, proposed 
that in electron irradiated Cu, vacancies become mobile in Stage I I I  
and coalesce into small clusters.
2 -4 .2 . Recovery stages a f te r  p lastic  deformation
Recovery stages during the isochronal annealing of cold worked fee 
metals have been reviewed by van den Beukel^3^. Stage I I  recovery 
represents a larger fraction of the tota l recovery than in ir ra d ia t io n .  
For Cu, this stage which occurs in several substages, has been in te r ­
preted by van den Beukel in terms of the migration or break-up of small 
in te r s t i t ia l  agglomerates. This in terpretation is analogous to that  
given by Schilling  e t a l^ 37  ^ fo r  recovery a f te r  ir ra d ia t io n . A well 
defined Stage I I I  is observed in heavily cold-worked fee metals with 
the mean temperature of 240K and 320K for Cu and Ni respectively.
No Stage IV was observed in some other cold-worked fee metals in 
p articu lar  A l, Pt and Au; while this stage has been found in Cu and 
more c learly  in impure Ni near 520K. Some workers e.g. Kressel et a l ^ ^  
found Stage IV a f te r  the plastic  deformation of high purity  Ni.
For the recovery stages I I I  and IV of p la s t ic a lly  deformed Ni, 
with d if fe re n t purities investigated, using the positron annih ilation  
method, Dlubek et a l ^ 3  ^ observed Stage IV only in impure Ni and i t  has
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been attributed  to the release of vacancies from impurity traps to form 
small vacancy c lusters. Stage I I I  was believed to be due to migration of  
free vacancies.
In th e ir  review of the recovery stages of p la s t ic a l ly  deformed Ni, 
Dlubek e t a l ? have shown that three d if fe re n t  annealing stages ( I I I - V ) 
ex is t above room temperature, in which Stage V has been a ttr ibu ted  to be 
the recry s ta l l iza t io n  process and occurs above 530K. Stages I I I  and IV 
appear a t  about 360K and 530K respectively. Dlubek e t al found Stage I I I  
in impure Ni consists of two overlapping substages; these were a ttr ibu ted  
to the release of in te r s t i t ia ls  from impurities and migration of free  
vacancies respectively. The temperatures of the recovery stages and 
th e ir  magnitudes are found to depend on the degree of deformation and 
the purity of the samples. In a more recent paper, Dlubek e t  a l ^ 3  ^
used the same technique with cold-worked Ni and id en tif ied  Stage I I I  to 
monovacancy migration around 350K in agreement with th e ir  previous 
results^3).
The recovery stages of the e le c tr ic a l r e s is t iv i ty  of po lycrysta lline  
Ni a f te r  fatigue a t  room temperature in stra in  control tests were carried  
out by K le inert and Schmidt^47) .  They id en tif ied  Stage I I I ,  a t   ^ 390K, 
as due to the migration of monovacancies to dislocations and vacancy 
clusters in regions of high dislocation density. Stage IV ,  found at  
-  525K? was associated with the annealing out of monovacancies to 
dislocations in regions of lower dislocation density.
A fter deformation a t  78K using po lycrystalline samples o f Cu, 
Dawson^3 ) found Stage I I I  annealing consists of two substages, b and c, 
in the temperature ranges 233K - 273K and 273K -  333K respectively. The 
activation energy was found to increase continuously reaching a 
constant value in substage c, which was related to di-vacancy migration.
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As a resu lt  of high amplitude fatigue in torsion a t  78K,
P o la k ^ )  found that Stage V is shifted to a lower temperature (compared 
with fatigue a t  a lower amplitude) in the range where Stage IV is 
usually observed. He id en tif ie d  Stages I I  and I I I  a t temperatures 
below 190K and between this temperature and 290K respectively. Stage IV 
was found between 290K and 410K. On the assumption that equal numbers of  
vacancies and in te r s t i t ia ls  are created in his specimens, Polak in te r ­
preted Stage I I I  to be due to the mutual annihilation of these defects, 
assuming the migrating defects to be in te r s t i t ia ls .
2-5. Values of activation energies of recovery processes
The measurement of the activation energy fo r  point defect migration 
in any of the annealing stages may assist in the id en tif ica t io n  of the 
type of defect which is mobile. However, this is not an easy task i f  
several types of defect are annealing out simultaneously, or i f  there 
is a sequence of annealing processes.
The activation energy values during Stage I I  recovery a f te r  cold- 
work for several fee metals have been reported by van den B eukel^3^.
For Cu and Ni the values were found to be 0.2eV and 0.45eV respectively. 
Johnson^) calculated the migration energies for di-vacancies and d i ­
in te r s t i t ia ls  in Ni and found them to be 0.90eV and 0.29eV respectively; 
he estimated a value of 0.60eV for a di-vacancy in Cu. According to 
Kressel et a l ^ ) ,  di-vacancy migration is the most l ik e ly  mechanism in 
Stage I I  recovery a f te r  cold-work of high purity Ni deformed a t  78K, with 
a corresponding activation energy of 0.54eV.
The values fo r the activation energies of point defect migration in 
Stage I I I  and the type of mobile defects suggested by d i f fe re n t  workers 
using d if fe re n t  techniques, are l is te d  in Table 2-2. Each value given by 
van den B eukel^3  ^ represents an average over the availab le  data. This
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author has a ttr ibuted  Stage I I I  in Cu( and Ni a f te r  quenching and a f te r  
plastic  deformation to di-vacancy migration, because of the low 
activation energies obtained.
In his review of the Stage IV recovery of cold-worked Cu , which is 
found to occur in the temperature range between 373K and 473K, van den 
B e u k e l^ )  reported values of 1 and 1.3eV for the activation energy which 
has been widely interpreted to be due to monovacancy migration.
During the Stage IV annealing of p la s t ic a lly  deformed pureNi ,
Kressel et a l ^ ^  and Dlubek et a l ^ ^  found values of 1.32eV and 1.20eV 
respectively which were related to the migration energies of monovacancies. 
The la t te r  value was calculated using the general formula fo r  the
activation energy of s e lf -d if fu s io n  Q as follows,
0 = eF + eMg LIV + hIV
F Mwhere and Ejy are the formation and migration energies of monovacancies 
respectively. Since the recovery stages in Ni are sensitive to the 
p u rity , Dlubek et a l ^ ^  pointed out that the values fo r  the migration 
energy in this metal fo r  Stages I I I  and IV are lower fo r  pure Ni than for
impure Ni . This was related by Kressel et a l ^ ^  to the inters t i t i a l -
impurity binding energy.
In a lloys , the presence of solute atoms may complicate the annealing 
kinetics of the defects, compared to the recovery of the pure metals.
This is partly  due to the order-disorder phenomenon and partly  due to the
p
e ffe c t  of binding energies between point defects and solute atoms (En_Q)p -b
which can be defined as the difference between the energies of in te r ­
acting and isolated defects. Unfortunately the activation energy fo r  point 
defect migration in alloys has not been studied in as much d e ta il  as in 
pure metals. In this review, attention w i l l  be focussed on Cu-Ni a llo ys .  
Barlow and L e f fe r s ^ ^  studied dislocation climb sources in
alloys with a Ni content up to 20 wt.%, during irrad ia tio n  with IMeV 
electrons in the HVEM. They determined a value of 0.43eV for the 
activation energy of the loop growth in cu-10 wt.% N i . Based on the idea 
suggested by K ir ita n i et a l ^ ^ ,  that the activation energy for loop 
growth in a given metal should be about one h a lf  of the activation  
energy fo r  monovacancy migration, Barlow and Leffers suggested a value 
of 0.86eV, corresponds to the activation energy of monovacancy migration 
in this a l lo y . From the measured activation energy for loop growth in Cu 
of 0.30eV obtained by K ir ita n i e t a l ^ ^ ,  the binding energy between 
vacancies and Ni atoms was estimated to be 0.26eV, i . e .  (0 .43 -  0.30) x 2.
However, Barlow and Leffers f e l t  that the estimated values are 
s lig h t ly  low. Instead, they assumed values of 0.30eV and leV representing 
the binding energy between vacancies and the clusters of Ni atoms, and the 
migration energy of monovacancies respectively. The difference between 
the la t te r  two values (0.70eV) is close to the migration energy for a 
monovacancy in Cu, from which they ju s t i f ie d  the ir  conclusions.
In his calculations of the vacancy-impurity binding energy, fo r  the 
tran s it ion  metals in d ilu te  Cu a llo ys , M asuda^) suggested a value of 
-  0.34eV for (between a vacancy and a Ni atom) in agreement with the 
estimated value by Barlow and Leffers
During isochronal annealing a f te r  the irrad ia tio n  of Cu-50% Ni with 
3MeV electrons, Poerschke and W ollenberger^^ found that between 80K and 
120K, the re s is t iv i ty  increase was completely annealed out. At higher 
temperatures, the re s is t iv i ty  decreased below the p re - ir rad ia t io n  value. 
This la t te r  decrease has been attributed  to the formation of Ni clusters  
caused by in t e r s t i t ia l  migration with an estimated activation energy of 
-  0.2eV. On the other hand, Schule et a l ^ ^  observed a great enhancement 
of clustering of Ni atoms in aCu-55%Ni during neutron ir ra d ia t io n  a t  
temperatures between 373K and 423K. They a ttr ibuted  the results
to the diffusion of in te r s t i t ia l  atoms with an activation energy 
fo r  migration of l . le V .  The same value for the activation energy was 
obtained by Charsley and R o b in s ^  during the isothermal annealing, 
in temperature range of 493K to 623K, a f te r  the room temperature fatigue  
of Cu-47% Ni specimens and attributed this to the migration of mono­
vacancies.
2-6, Evidence for clustering in Cu-Ni a l lo y s .
2^6.1. General Introdution
For an a lloy  consisting of a mixture of two atomic species, such 
that m^  and are the fractions of the tota l number of atoms that are 
A and B respectively, then the state of short range order ( s . r .o . )  can 
be specified by the number a . (the Cowley s .r .o .  parameters). These 
parameters are defined by the equation,
i  Aa • = I -  —
1 A
where p] is the probability  that any particu lar atom in the ith  s h e ll ,
with a B atom a t the origin is an A atom. Since the atom a t  the orig in
is of type B, then fo r  clustering of the B.atoms, some of the successive
P1r a
shells w i l l  have values of a- > 0, since When the system is
completely disordered, a l l  values of a . are zero. The theory of short 
range ordering due to Clapp and Moss^^^ and used by Mozer e t  a l ^ ^  in 
th e ir  study of the Cu-Ni system, uses the Cowley parameters to calculate  
the changes in the free energy due to clustering. For this purpose a 
pairwise interatomic potential is used. Other theoretical discussions of 
the Cu-Ni system e.g. R o s s i te r ^  also used these parameters. Clustering  
phenomena are known to occur in a number of solid-solution a llo y  systems, 
e.g. Cu-Be, Al-Cu and Al-Zn. These clusters are frequently ca lled  Guinier- 
Preston zones and give r ise to d if fra c t io n  contrast e ffec ts . However, 
conventional X-ray scattering techniques and electron microscopy do not
show the presence of clusters in the Cu-Ni system because the atomic 
scattering factors of Cu and Ni are nearly equal.
The positive value for the heat of mixing measured by Oriani and 
> ju rp h y(^  and Rapp and M aak^^ is indicative of clustering in Cu-Ni 
a lloys, according to the quasi chemical model, i . e .  a model in which nearest- 
neighbour interactions only are considered. Therefore segregation of the 
Ni atoms into clusters is expected to be the preferred (equilibrium ) s ta te .
The most direct'evidence for clustering comes from the results of neutron 
scattering; in addition there is further evidence from magnetic su scep tib il ity  
and low temperature specific heat measurements. Some of these results have 
been reviewed and discussed by R o b in s ^  and Shim m in^. Only neutron 
scattering and magnetic measurements w i l l  be considered in the present 
review,
2 -6 .2 . Neutron scattering
Measurements of the cluster diffuse neutron scattering using a
6 7polycrystalline sample of Cu-47.5%Ni isotop ica lly  enriched with Ni 
were carried out by Mozer e t a l ^ ^ .  They determined the s . r .o .  
parameters a-j to agat 295K as an accurate description of the c lustering  
a t  a temperature -  820K. This temperature being estimated by the 
expected diffusion rates in the Cu-Ni system under the condition of heat 
treatment used. The value of the nearest neighbour parameter a-j was 
found to be + 0.121, w hilst a l l  the other parameters were < 10% of a-j.
Using the d e fin it io n  of the s .r .o .  parameters, the probab ility  of finding  
a Ni atom in the f i r s t  neighbour shell surrounding a Ni atom was found to 
be increased from the random probability  of 0.475 to 0.539; the solid  
solution beyond this shell being essentia lly  random. The d ifference in 
the maximum and minimum of the neutron scattering from the clusters was 
found to decrease as the temperature was raised from 298K to 1294K, from
which Mozer e t al deduced a decrease in a-j with increasing temperature.
Recent measurements have been made of the diffuse scattering of 
thermal neutrons by Vrijen  and Radelaar^*^ fo r  po lycrysta lline  Cu-Ni 
alloys, with compositions in the range from 20% to 80% N i . By studying
C O  cc
alloys made from the isotopes Ni and Cu in the temperature range 
673K to 973K, they measured the f i r s t  four s . r .o .  parameters (a-j to a^).
The varia tion  of these parameters with composition was found to be _ 
temperature dependent. They found that this behaviour can not be 
explained using the model of Clapp and Moss which is based upon pairwise 
in teractions. In th e ir  plot of a-j versus composition, V r ijen  and Radelaar 
found that the maximum value of a-j increases when the temperature 
decreases from 973K to 673K in agreement with the results o f Mozer e t  a l ^ ^  
over a wider temperature range. However, the composition a t  which the 
maximum occurs was found to s h if t  from 55% to 65% N i. V r ijen  and R ad e la ar^ ^  
found results for the ir  Cu-47.5% Ni which were comparable to those 
obtained by Mozer et a l ^ ^  except that the value for a-j o f + 0.121 
obtained by the la t te r  was found to be too large (by *19% ) fo r  the 
state corresponding to a temperature of *  820K.
2 -6 .3 . Magnetic susceptib ility
Cu-Ni alloys with a Ni concentration less than * 44% show paramagnetic 
behaviour a t room temperature. However, the paramagnetic s u s c ep tib i l ity  
is abnormally high in comparison with other metals. This phenomenon of  
super paramagnetism has been explained in terms of localized magnetic 
moments, or spin clusters, associated with clusters of Ni atoms with 
diameter of several atomic spacings. Claus and Tranchita^6^ , pointed out 
that the formation of the spin clusters depends in a c r i t ic a l  way on 
the local concentration, of Ni atoms. Therefore, a small change in th is  
local concentration, caused by varying degrees of s .r .o .  is  expected
to have a s ig n if ican t e ffe c t  on the magnetic properties of this a l lo y .
Magnetic su s cep tib il ity  (defined as the magnetization or the magnetic 
moment divided by macroscopic magnetic f ie ld  in tensity) measurements 
were carried out by M is h r a ^ )  fo r Cu-Ni a l lo y s 9 with 10%, 20%, 30%, 
and 40% Ni in the temperature range 4.2K to 300K a fte r  quenching from 
1323K. For the 40% Ni a l lo y ,  Mishra found that the average magnetic 
moment increased considerably when the specimen was aged for 3 days a t  
300K. Other compositions remained unchanged under the same treatments; 
unfortunately, no e lec tr ic a l r e s is t iv i ty  measurements were made.
Referring to an e a r l ie r  work, Mishra determined the average magnetic 
moment per atom to be 0.0097yg and 0.0115yg (where y^ is the Bohr 
magneton) fo r  the quenched and aged 40% Ni specimens respectively . Using 
these values M is h r a ^ )  estimated that the number of Ni atoms in clusters  
fo r this a lloy  are 8 and 9 .5  for as quenched, and quenched and aged 
specimens respectively, whereas his measurements indicated that this
number is negligible for lower compositions. In a previous paper by
Mishra e t a l ^ ^  i t  was shown that the magnetic suscep tib il ity  fo r  the 
20% Ni- is increased markedly with the addition of as l i t t l e  as 36PPm 
of Fe compared with the supposedly Fe-free a lloy .
Robbins et a l ^ ^  assumed that in Cu-Ni a lloys, the magnetic
moment on a Ni atom depends on the number of l ik e  nearest neighbours n
and on the number m of l ik e  second-nearest neighbours. They used an
expression for the probability  Pn m of finding a Ni atom with n = 12 and
m = 6, to calculate the magnetic moment yn m per Ni atom, using published
data for the average moment per atom in the ferromagnetic composition
range as well as the values of a-j and obtained by Mozer e t a l ^ ) ,
(assuming a-j to be constant in the range 45% < Ni < 65%). From th e ir
plot of the magnetic moment of Ni atoms versus the numbers o f n and m,
Robbins et al made a rough estimate on the basis of the y„ m values that3 n,m
a moment of 8yg per cluster requires approximately 30 Ni atoms. They 
also suggested that magnetic clusters of about the same size are present 
in a 40% Ni a l lo y ,  but that the average size of clusters is somewhat 
smaller for a 30% Ni a llo y . I f  th e ir  calculations are correct, i t  seems 
unlike ly  that the number of Ni atoms that are in clusters in Cu-30% Ni 
is negligible as la te r  suggested by M is h r a ^ ) .
The magnetic moment in Cu-Ni alloys can be altered by deformation 
and annealing. Robbins et a l^ ^ ^  observed a 10% increase in the 
magnetization of the a lloy  containing 50% Ni on annealing for 24 hours 
at 598K as compared with the same a lloy  a fte r  annealing a t  1373K and 
quenching. From this they concluded that the average atomic moment is 
increased due to an increase in the size of N i- r ic h  c lusters. On the 
other hand, they found that p lastic  deformation decreased the average 
moment of this a l lo y . They .suggested that this decrease is caused by 
the s lic ing of the Ni clusters into smaller ones, so that many of the 
Ni atoms, o r ig in a lly  well inside the c luster, become located a t  newly 
created cluster boundaries; in this way Ni atoms in clusters lose several 
of th e ir  nearest neighbour Ni atoms and hence th e ir  moment is decreased. 
Similar behaviour had been found e a r l ie r  by Hedman and M attuck^^^, 
during the cold work of aCu-47% and 52.8% Ni quenched from 1273K.
The magnetic su scep tib ilit ies  decreased as a resu lt of p las tic  deformation 
whereas they increased on annealing at 773K, by 5% and 8% respectively.
Van Dijk and V r i j e n ^ )  used the technique of the magnetic d iffuse  
scattering of neutrons, in order to study changes in magnetic moments 
due to differences in the clustered states for the two a llo y  compositions 
of 47.5% and 56.5% Ni . They quenched both alloys from 973K to produce 
a minimum state of c lustering. The f i r s t  composition was then annealed 
for 144 hours at 648K and the second for 500 hours a t  610K, in order to 
increase the clustering. They used the model put forward by I to and
A k i m i t s i / ^  in which the localized Nj moment is assumed to decrease 
l in e a r ly  with the number of nearest neighbour Ni atoms and vanishes when 
this number becomes < 8. From the magnetic diffuse scattering cross- 
section (MDSCS) measurements-, van Dijk and Vrijen estimated the changes 
in magnetic moment d is tr ib u tio n  function by using the atomic d is tr ib u tio n  
obtained from th e ir  computer simulation based on the experimental s . r .o .  
parameters fo r the two states. These authors used an equation in which the 
MDSCS is proportional to the average quadratic moment of the c lusters. A 
higher value of the MDSCS was obtained for annealed 47.5% than for the 
quenched sample. They expected sim ilar results for the 56.5% Ni a l lo y .
2-7. The e ffec t of ageing and clustering on the r e s is t iv i t ie s
In some Al alloys e.g. Al-Cu, Al-Ag and Al-Zn j solute clustering  
or Guinier-Preston zone (G .P .) formation is known to give r ise  to 
e lec tr ica l r e s is t iv i ty  changes. The variation of the r e s is t iv i ty  in  
Al-Zn alloys has been widely investigated. Typical results obtained 
up to 1974 have been reviewed by Perrin and Rossi t e r a n d  are 
shown in f ig .  2 - la ,  (the dashed part of the curve is taken from 
Rossi te r  and W e l l s ^ ^ .  During the ageing of quenched Al-Zn alloys  
between 223K and 318K, the measured r e s is t iv i ty  a t . 78K is found to 
increase i n i t i a l l y  with ageing time, but reaches a peak value and then 
decreases monotonically to a value below the in i t i a l  (disordered) value. 
Perrin and R o s s i t e r ^ ) ,  found sim ilar results during the varia tion  of 
the e le c tr ic a l r e s is t iv i ty  of Al-6.8% Zn with ageing time over a range 
of measuring temperature between 4.2K to -  120K. The e ffe c t  of ageing 
at 303K on an A l-3 .2  wt.% Zn-2.2 wt.% Mg a lloy  has been investigated  
by Lendvai et a l ^ ^ .  The formation of G.P. zones caused an increase 
in the e lec tr ica l r e s is t iv i ty  and the dissolution of the zones caused 
the r e s is t iv i ty  to decrease. Using the X-ray small angle scattering
technique, Lendvai e t al showed that the r e s is t iv i ty  increase is 
mainly a function of the tota l volume occupied by zones and is  not
sensitive to th e ir  size d is tr ib u tio n . According to the theory of
Rossiter and Wells^8^ ,  as the ageing process continues, the zones 
or clusters increase in 's iz e  and reach a size where th e ir  l in ear dimen­
sions become comparable with the mean free path of the conduction 
electrons, f ig .  2 - lb . This stage corresponds to a maximum in the 
r e s is t iv i ty  (p)-which they suggest can be described in terms of three 
contributions as follows,
p = p c +  pe +  ^
where is the r e s is t iv i ty  due to c lusters, pg is the r e s is t iv i t y  due 
to scattering at boundaries of the clusters and p^  is the r e s is t iv i ty  
of the remaining matrix. On further ageing, the clusters continue to 
increase in s ize , p^  and p^  w i l l  remain essentia lly  constant while pg 
w il l  decrease due to the decreasing to ta l area of cluster boundaries, 
until the clusters reach th e ir  maximum size. The f in a l stage corresponds
to the r e s is t iv i ty  reaching a constant value.
From the r e s is t iv i ty  measurements during fatigue of Cu-Ni alloys  
(Section 2 -3 ),  the in i t i a l  r e s is t iv i ty  is found to decrease for the alloys  
with 10% and 20% Ni whereas i t  is found to increase for compositions 
> 30% Ni, which c learly  suggest a trans ition  in the r e s is t iv i ty  behaviour.
Charsley and Shimmin ( 6) determined this transition point a t  a 
composition between 22% and 27% Ni. Recovery o f the r e s is t iv i ty  a f te r  
fatigue was found to occur for these alloys on annealing which was 
interpreted to be the formation of Ni c lu s te r s ^ ’ 8) .
Recently, Rossiter^8  ^ has put forward a theoretical approach which 
attempts to explain the r e s is t iv i ty  phenomenon amongst others. He 
suggests that the r e s is t iv i ty  for an a lloy  such as Cu-Ni is due to several 
e ffec ts , but the new feature , which he introduced, was to consider the
e ffe c t  of the localized magnetic moments which can give r ise  to a 
magnetic scattering term in the re s is t iv i ty .  His work, based mainly 
on neutron scattering data, has suggested an explanation fo r  an 
increase of clustering giving rise  to a r e s is t iv i ty  decrease in alloys  
with > 25% N i? while a t  lower Ni contents, clustering causes the 
r e s is t iv i ty  to increase. This is in agreement with the experimental 
results obtained by Charsley and Shimmin^ and Charsley and R o b in s ^ .
R o s s i te r ^  made the assumptions that electron scattering arise  
from atomic clusters as well as magnetic clusters and that the spin 
clusters are coherent with the atomic clusters. Accordingly, the
tota l change in r e s is t iv i ty  Ap may be written as follows,
Ap = Ap + Ap + Ap 
p m a
where the r e s is t iv i ty  components App, Apm and ApQ are the contributions 
due to phonon scattering, magnetic cluster scattering and atomic cluster  
scattering respectively, The phonon term is assumed to be unchanged by 
alloying and to be the same as for pure Cu. In d i lu te  a llo ys , Apm was
found not to be l in e a r ly  dependent upon the degree of c lustering. This
is because of the dependence on the magnetic state of the Ni atoms upon 
th e ir  atomic environment as suggested by Rossi te r .  In concentrated 
alloys,, on the other hand, Apa dominates the r e s is t iv i ty  behaviour.
Calculations of the effects of Ap0 and Apm on Ap a t  100K fo r  alloysa m
withlO%, 20% and 30% Ni, show negative contributions from Apa and 
positive contributions from Apm. I f  the measuring temperature is increased 
the contribution from the magnetic scattering is reduced. Therefore, the 
dependence of the e lec tr ic a l r e s is t iv i ty  upon the composition, results  from 
the combined effects  of magnetic and atomic scattering.
2-8. Summary and conclusions
In metals and a lloys, dislocations and point defects make positive  
contributions to the r e s is t iv i ty .  D if fe ren t types of point defects are
shown to be mobile a t  d if fe re n t  annealing temperatures. The 
temperature at which a recovery stage occurs and the type of mobile 
defect depends on the m ateria l, the treatment and the density o f the 
point defects. In a lloys, the binding energy between vacancies and solute 
atoms gives r ise  to a modified activation energy compared with the pure 
metals.
Since the e lec tr ic a l r e s is t iv i ty  is sensitive to detailed atomic 
arrangements as-well as to localized magnetic moments, the e f fe c t  of 
clustering in Cu-Ni alloys may increase or decrease the r e s is t iv i ty ,  
depending on the a lloy  compositions. The formation of Ni clusters causes 
a s ign if ican t change in the magnetic su scep tib ility . Ageing of the a llo y  
specimens increases the magnetic moment, presumably due to an increase 
in the cluster size. This is consistent with the increase in the magnitude 
of the s . r .o .  parameters on ageing; this has also been suggested by 
Rossiter and W e l ls ^ ^ .
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TABLE 2 - la
Temperature in tervals  for isochronal recovery 
stages in electron irrad iated  Cu and Ni , a fte r  
Schilling e t a l(37)
Copper Nickel
Temperature K Temperature K Recovery stage.
T < 50 T < 70 I
50 < T < 200 - 70 < T < 300 I I
200 < T < 320 300 < T < 450 I I I
320 < T < 450 T > 450 IV
TABLE 2-lb
Temperature in tervals for isochronal recovery 
stages in neutron irrad iated Cu and N i» a f te r  
Horak and B lewitt (38)
Copper Nickel
Recovery stageTemperature K Temperature K
T < 70 T < 70 I
70 < T < 220 70 < T < 250 I I
220 < T < 300 250 < T < 395 I I I
300 < T < 450 395 < T < 450 IV
T > 450 T > 450 V .
TABLE 2-2
The values of the activation energies of point defect 
migration in stage I I I ,  the treatment used and the 
proposed mechanism for Cu and Ni+ .
Metal Treatment EI I I eV Proposed mechanism References
Copper
Plastic
deformation
0.70
0.68, 0.72
In te r s t i t ia l  
Di-vacancy
(49)
(4 3 ) ,  (48)
Electron
irrad ia tio n
0.70 Monovacancy (3 9 ),  (4 0 ) ,  
(4 3 ).
Quenched 0.72
0.70
Monovacancy 
Di-vacancy
(1 7 ) ,  (39) 
(43)
Nickel
Plastic
deformation
0.86, 1 .0*
0.89, 0.86 
1 .1 * ,  (1 .0 -1 .4 )
In te r s t i t ia l  
Di-vacancy 
Monovacancy
(44)
(4 3 ) ,  (45)
(4 5 ) ,  (47)
Electron
irrad ia tio n 1.03, 1.02 Monovacancy (3 7 ),  (43)
Quenched 1.30, 0.85 Di-vacancy (2 0 ),  (43)
*  impure N.
+ The order of the references in Column 5 corresponds to 
the order of the values given in Column 3.
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Fig. 2-1. a) E lectr ica l re s is t iv i ty  of Al-Zn alloys as a function  
of ageing time (a f te r  Perrin and R o s s i t e r ( 6 8 ) ) .  b )  Cluster size as 
a function of ageing time of Al-Zn alloys (a f te r  Rossiter and W ells (°yJ)
CHAPTER 3
FATIGUE HARDENING
3-1. Introduction
The fatigue process is known to exh ib it the following stages; 
fatigue hardening or softening, fatigue crack in i t ia t io n  and fatigue  
crack growth before the f in a l fa i lu re .  This review deals with the 
fatigue hardening stage only, w hilst other stages are not considered 
since they are beyond the scope of the present work. The repeated 
loading of a metal between fixed lim its  of stress or s tra in  produces 
e ither hardening or softening, depending on the in i t i a l  condition of the 
metal. The cyclic  deformation of annealed fee pure metals generally  
exhibits an in i t i a l  stage of rapid hardening followed by a saturation  
stage of flow stress. Fatigue under stress control causes a gradual 
decrease in strain amplitude as hardening proceeds and in a s tra in  
controlled test there w i l l  be a gradual increase in the peak stress 
needed to achieve the strain l im i t .  In the la t te r  case, a fatigue  
hardening curve can be obtained by plotting the peak stress versus the 
number of cycles or Z |Sp|9 Fig. 3-1. For fatigue a t d i f fe re n t  stra in  
amplitudes up to saturation, the CSS curve for a given material can be 
obtained by plotting the saturation flow stress versus p lastic  stra in  
amplitude, Fig. 3-2.
The mechanisms of fatigue hardening may change with the amplitude 
of the tes t. In his review on fa tigue, L a i r d ^ ^  pointed out th a t a t  
high strain  amplitude cyclic strain behaviour for mono and po lycrysta lline  
material is sim ilar to that in Stages I I  and I I I  unidirectional deformation, 
whilst much of the hardening behaviour in low strain amplitude, cyclic  
deformation is sim ilar to that in the Stage I unidirectional deformation 
of a monocrystal. The value of £p which separates the low amplitude
region from the high amplitude region for Cu was estimated to be 
5 x 10“** by M u g h rab i^ )  and Pedersen e t  a l ^ ^ .
3-2, The cyclic  stress-stra in  curves for fatigued Copper and Nickel
During the rapid hardening stage, the development of s l ip  bands takes 
place. As the number of cycles increases, the width, length and depth of 
the s l ip  bands increases. For a s u ff ic ie n t ly  large amplitude, the bands 
become persistent which means that a f te r  polishing o f f  a thin layer from 
the surface, a disturbed region remains v is ib le ,  and the bands re-appear 
in th e ir  orig inal form in the same place with further cycling. A 
persistent s l ip  band [PSB) can be described as a thin lamella, up to 
several ym in thickness, of high s lip  a c t iv i ty ,  lying p ara lle l to the 
primary s lip  plane. Their appearance was found to be approximately 
sequential with the onset of flow stress saturation. This was confirmed 
in Cu monocrystals by Mughrabi^^^, Abel , W oods^) and W i n t e r ^ ) ,  
and in polycrystalline Cu by Charsley and R o b i n s ^ P S B s  have been 
found to be softer than the matrix between them and have well defined 
dislocation arrangements which are s ig n if ic an tly  d i f fe re n t  from the 
matrix; Winter^ Finney and L a i r d ^ ) ,  Basinski et a l ^ ^  and 
Winter e t  a l ( ^ .
In mono and polycrystalline Cus PSBs were defined as surface 
features. As a resu lt  of using TEM, some of the above investigators  
have shown that the existence of these bands in fatigued Cu monocrystals 
is a bulk phenomenon, i . e .  they extend through the entire  c rys ta l.  There 
was no agreement in the l i te ra tu re  on whether or not PSBs ex is t in bulk 
polycrystalline Cu, until recently, when Rasmussen and P e d e rs e n ^ ) ,  
Mughrabi and W ang ^) and Winter e t  a l ^ ^  confirmed the presence of 
PSBs in the in te r io r  of fatigued polycrystalline Cu, using TEM.
3 -2 .1 . Monocrystals
'  (761Based on the previous cyclic  hardening measurements, Winter'- '
proposed the model i l lu s tra te d  in Fig. 3-2a, in which i t  is assumed that
Cu monocrystals fatigued a t  constant p lastic  strain amplitudes enter
an equilibrium sta te , containing a mixture of two structures. These
are the active PSBs and the less active (harder) matrix (see Section 3 -3 ).
Thus a t  equilibrium, the saturation stress does not depend upon the
p las tic  stra in  amplitude, since an increase in the amplitude simply leads
to an increase in the volume fraction  ( f )  of PSBs which deforms a t  a
constant stress le v e l.  Winter found that the value of f  a t  a given strain
amplitude is invariant and the PSBs have a constant cyclic  s tra in  amplitude
of 0.90%. The model leads to the idea that there exists a threshold
value fo r  y below which no PSBs should be formed, since the stra in  can
r
be accommodated by the matrix alone. M u g h r a b i i n  la te r  work also 
described the model and id en tif ied  the lower and upper l im its  of the 
plateau in terras of Yp as follows,
Yp = % (P S B ) + ^ ’ f ) Yp(M) 
where f  is the volume fraction occupied by the PSBs and Y p ^ g )  an(*
^p(M) are ^oca  ^ p lsstic  shear s tra in  amplitudes in the PSBs and 
matrix, respectively. In an application of the above model,
M u g h r a b i s t u d i e d  the cyclic  deformation of Cu monocrystals over a 
range of 1.55 x 10“5 < Yp < 2 x 10"2. He id en tif ied  three d is t in c t  
regions A, B and C on the CSS curve as shown in Fig. 3-2b. The in te r ­
mediate region B exhibits an extended stress plateau, whereas in regions 
A and C ( i . e .  a t  low and high yn)» t increases with increasing yn*p s p
The results of fatigued Ni monocrystals obtained by Mecke , 
in the range of 8 x 1CT1* < et  < 3.5x10"3, also show a plateau region 
in the CSS curve. This and the observation made by W o l f ^ ^  that the 
saturation stress is independent of yD for Ni over the range of
r
5 x 10_tf < Yp < 5.5 x 10“3, led Mughrabi to suggest that Ni behaves 
very s im ila r ly  to Cu. In his paper Mughrabi^^ used the above 
expression to determine values for f ° r Cu and Ni of -  6 x 10” 5
and = 1 x 10_tf respectively. The corresponding values for Yp^psgj were 
found to be -  7.5 x 10"3 fo r  both metals. C learly, the f i r s t  two 
values represent the threshold l im i t  for  Yp in Cu and Ni below which 
no PSBs w i l l  be formed. The stress t s which corresponds to the threshold 
value were also-determined to be -  28 MPa . and -  52 MPa fo r  Cu and Ni 
respectively.
3 -2 .2 . Polycrystals
Unlike the case fo r  monocrystals e.g. W i n t e r ^ ) ,  the number of
PSBs continues to increase a f te r  stress saturation is reached in polycryst-
a l l in e  Cu during fatigue a t  e. of ± 1.4 x 10"3, as shown by Charsley and 
(12)Robins' J . These authors have suggested that while some PSBs harden 
during continued cycling, other bands form due to localized softening, 
thereby maintaining the condition of constant p lastic  stra in  amplitude a t  
constant stress. However, as in the case of Cu monocrystals, the volume 
fraction  ( f )  of PSBs increases with p lastic  strain amplitude as shown 
by Mughrabi and W a n g ^ ’ ^  and Rasmussen and P e d e rs e n ^ ) .
The plateau region of the CSS curve is generally considered to be 
absent in the case of fee polycrystal s. Detailed studies o f Cu poly­
crysta ls , show that the CSS curve exhibits a continuous increase of  
saturation stress with strain amplitude (Fig. 3-2b) as has been shown 
by Feltner and L a i r d ^ ) ,  Polak e t a l ^ ) ,  Lukas and K le s n i l ^ ^  and 
more recently by Mughrabi and W a n g ^ ’ ^  for 15 and 550pm grain sizes 
[as reported in (83)] as well as by Figueroa e t  a l ^ ^  who carried out 
to ta l and p las tic  strain amplitude tests for a range of grain sizes 
between 35 and 350pm. Theoretical analysis by Pedersen et a l ^ ^  also
predicts a plateau in CSS curve a t  high strain amplitudes, i . e .
Cp > 5 x 1 ( T \  but i t  did not rule out the p o ss ib il i ty  of a plateau 
for s u ff ic ie n t ly  low amplitudes.
I t  can be seen in Fig. 3-2b, that the stress a t  which PSBs form 
is approximately the same for mono and polycrystalline Cu, a t  s im ilar  
threshold values of Yp.
For po lycrysta lline  N i? i t  seems that the only availab le  data is  
that obtained by K leinert and Frank^^^ which does not show a plateau 
region in the CSS curve. This may suggest again that the cyclic  
deformation of Cu and Ni is s im ilar.
3-3. The dislocation configurations in fatigued Cu
Fatigue under d i f fe re n t  test conditions may resu lt  in the develop­
ment of d i f fe re n t  dislocation configurations. For example, Feltner and 
L a i r d ^ )  have shown that d i f fe re n t  dislocation mechanisms operate in 
low and high amplitude fa tigue. Hancock and G ro sskreu tz^ ) have shown 
that the dislocation arrangement f i r s t  developed depends also on whether 
constant stress or constant strain tests are conducted. Because
d if fe re n t  modes o f  deformation are taking place in the PSBs and the matrix,
i t  is expected that d i f fe re n t  dislocation configurations w i l l  be observed 
in these two regions. The types of dislocation arrangement in fatigued  
Cu ha^e been reviewed by G ro s sk re u tz^ ) for work before 1971. Since 
then, there have been more observations concerning the type of structure  
formed in fatigued mono and polycrystalline Cu. The monocrystals were 
investigated by several workers, among them W o o d s ^ ) , Finney and L a i r d ^ ) ,  
Basinski e t a l ^ ^  and Mughrabi et a l ^ ) .  At a la te r  date, Winter e t  a l ^ ^ ,
Figueroa e t a l ^ ^  and Mughrabi and W an g ^) studied the polycrystals.
The results of the above work have led to considerable agreement in 
terms of s im ila r ity  of dislocation configurations in fatigued Cu mono-
crystals (of s in g le -s lip  orientation) and polycrystals in the saturation  
stage. This w i l l  be b r ie f ly  outlined.
Generally, the dislocation arrangements in fatigued monocrystals 
in the range 10"5 < t  < 2 x 10"2 form in [Dolycrystals a t  lower
amplitudes in the range 10~5 < < 2 x 10”3.
At low stra in  amplitudes below the threshold e l i m i t ,  the dominant 
feature of the matrix is the vein structure consisting of primary edge 
dislocation dipoles. The veins are separated by r e la t iv e ly  d is location-  
free regions. At amplitudes above the threshold value, an array of 
para lle l and narrow PSBs emerge out of the metastable vein structure of 
the matrix. The dislocations within the PSBs are grouped in approximately 
equally spaced walls giving the appearance of a ladder; the walls also 
contain edge dislocation dipoles.
The above arrangements have been described schematically in a model 
proposed by M u g h r a b i a n d  shown in Fig. 3-3. According to this model, 
the re la t iv e  softness of the PSBs was related to the smaller volume fraction  
of the hard walls of about 10% of the volume in the PSBs, whereas the 
dense arrays of edge dislocations are in the form of voluminous veins 
occupying about 50% of the volume of the matrix. The model also suggests
that a dynamic equilibrium exists between dislocation m ultip lica tion  and
annihilation in the wall structure of the PSBs. The m ultip lica tion  process 
occurs with bowing-out of the edge dislocation segments which traverse  
the channels and spread subsequently. As a re su lt ,  both edge and screw 
dislocations densities w i l l  be increased. This process is balanced by the 
mutual annih ilation o f dislocations of opposite sign approaching each 
other on s lip  planes less than a c r i t ic a l  distance apart.
In a given grain of polycrystalline Cu 9 PSBs are always confined 
to a single s l ip  system. By increasing the strain amplitude, the volume 
fraction of the ladder structure also increases and often is  found on more
than one s l ip  plane within a grain. A new structure of misoriented 
fatigue ce lls  (defined as volumes bounded by dislocation walls) is 
observed in the high amplitude region of e > 5 x 10“**, comparable to
r
those found in region C of the CSS curve of the monocrystals. Fig. 3-2b.
The fatigue ce lls  have much smaller misorientations across th e ir  walls in 
comparison with those found in tensile  deformation. The ce ll size is  
inversely proportional to the strain amplitude. Fig. 3-4 shows a 
schematic representation o f the d if fe re n t  dislocation configurations in 
fatigued Cu polycrystals a t  d i f fe re n t  amplitudes suggested by Figueora e t  
a l ^ ^ .  Although, the figure does not provide evidence of ladder structure  
in PSBs, they were observed by Winter e t  al and Mughrabi and Wang^^  
in the range where dipolar walls are seen.
3-4. The dependence of hardening on grain size
I t  has frequently been reported [e.g. Mughrabi and Wang^^ and
M ecking^^] that grain boundaries are the main obstacle to the passage
of dislocations in po lycrystalline metals. In his comment on the
mechanical behaviour of metals in both tension and fa tigu e , Thompsorr^
pointed out that there seems to be an upper l im i t  for  the grain size
beyond which grain size effects are diminished regardless o f specimen
size. This behaviour is found when the grain size is much larger than
the single crystal s l ip  length. In a more recent paper, Thompson^)
suggested the l im i t  on grain .s ize to be lOOym to 400ym fo r  Cu. This
range of grain size is larger than the maximum dislocation mean free
( Q4)path of -  lOOym in monocrystals of Cu as pointed out by Kocksw  3ased on 
the la t t e r  value, Thompson^) suggested that the work hardening of poly- 
crys ta ll in e  Cu in tension, with a grain size > lOOym and < 200ym should 
be only weakly grain size dependent. In recent experiments on 15ym 
grain size fatigued Cu, Mughrabi and Wang^^^ made SEM observations and
noted that the spreading.of PSBs into adjacent grains was halted 
e ffe c t iv e ly  by the grain boundaries. Unfortunately, not many attempts 
have been made to study the e f fe c t  of grain size on fatigue hardening 
in metals and a lloys. Ideas on the subject have been deduced from 
tensile  tests . However, most of the experimental and theoretical analysis  
of work hardening support the view that the grain boundary regions harden 
d if fe re n t ly  from the grain in te r io rs , and this difference is one key to 
the understanding of the differences between polycrystals and monocrystals. 
The work hardening dependence on grain size is mainly derived from studies 
of the grain size'dependence of the y ie ld  stress. That dependence is known 
as the Hall-Petch re la tion  as follows,
a- = cr + k 1
1 0 v#
where a. is the y ie ld  stress, aQ and k are constants and d is the grain  
size. According to Thompson qt a l ^ ^  can be replaced by the flow 
stress a t  higher strains.
The y ie ld  stress dependence on the grain size in Cu-Ni alloys up to 
25% Ni and fo r 47% Ni was found to sa tis fy  the above re la t io n , by Nakanishi 
and S u z u k i^ )  and Robins and C h a rs le y ^  respectively. I t  would be of 
in terest to find out whether the Hall-Petch re la tion  is applicable to 
fatigued Cu-Ni a lloys. Such data were obtained by Shimmin^ during push- 
pull fatigue a t  = ± 3.8 x 10"3. In the stages, both of rapid hardening 
and of saturation, the average stress amplitude was found to be higher 
fo r  the smaller grain size in the case of the 2% and the 20% Ni a lloys;  
w hils t the fatigue hardening curves for two d if fe re n t  grain sizes of a l lo y  
with 47% Ni were found to cross ( i . e .  the larger grain size specimens 
having the higher saturation stress). C learly this behaviour, which has 
not been explained, cannot be f i t t e d  to a re la tion  of the Hall-Petch type 
and w i l l  be discussed in Section 7B-3. I t  is a p ity  that only two values 
of grain sizes were measured for each of the a lloys, making i t  d i f f i c u l t
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to draw constructive conclusions.
Johnson and F e l t n e r ^ )  studied the fatigue hardening of Cu and 
Cu-7.5 wt.% Al a t  Cp of 5 x 10"3 over a range of grain sizes between 
10pm and 1000pm. In Cu there was no change of flow stress with grain  
size while a strong grain size dependence was found in the case of the 
a llo y . Johnson and Feltner explained the results in terms of d i f fe re n t  
s lip  characters, i . e .  cross-slip is easy in Cu (wavy s l ip ) ,  whereas 
dislocations do mot undergo cross-slip read ily  in Cu-7.5 wt.% Al (planar 
s l ip ) .  The dislocation arrangements were also found to be d i f fe re n t  in 
the two materials. I t  is known that in the high amplitude region, 
fatigue ce lls  form in Cu as shown by Feltner and L a i r d ^ ^  and Figueroa 
et a l ^ ^ .  Since the s lip  distance or the mean free path o f dislocations  
decreases with increasing amplitude, the dislocations have l i t t l e  chance 
( i f  a t  a l l )  to impinge on grain boundaries. Thus cell walls ( in te r io r  
obstacles) play an important role in determining the flow stress in Cu.
By comparison, the mean free path of dislocations in the Cu-7.5 wt.% Al 
alloy  equal the grain s ize, with s l ip  bands extending across the en tire  
grain. Thus moving dislocations may impinge on grain boundaries and have 
the ir  s lip  distance reduced, thereby producing a s ig n if ica n t grain size  
e ffe c t .
3-5. The e f fe c t  of substitutional solute atoms on fatigue hardening
In pure metals, the SFE(y) plays a s ign if icant role in hardening.
For example, the results obtained by K a r ja la in e n ^ ^  fo r  fatigued Cu and 
Al a t  high stra in  amplitude show that the hardening is accomplished a f te r
*  1 x 102 cycles in A l , whereas the corresponding number o f cycles in  
the case of Cu is -  1 x 103 cycles. Lukas et a l ^ ^  made a s im ilar  
comparison and attributed the results to the larger SFE of Al compared to Cu.
In a lloys, since the solute atoms may change the bulk properties
such as the SFE, i t  follows that changes in mechanical properties and 
in particu la r  the hardening can often be attributed to a change in 
the SFE. For example, Zn or Al solute atoms, reduce the SFE in Cu. 
considerably.
Avery and B a c k o fe n ^ ^  studied a wide range of SFE values for  
Cu, Ni andCu-Al alloys up to 7.5 wt.% Al fatigued in bending a t  
constant deflection . They defined a hardening parameter ¥  as the 
ra tio  o f the moment amplitude a t  1000 cycles to that a t  10 cycles. Thus 
m is a crude representation of the rate of hardening which is found to 
decrease with decreasing SFE.
S ig n if ican t differences in fatigue hardening were also found by 
Abel e t  a l ^ ^  during the fatigue a t  £p of f ive  a Cu-Al a llo y  mono­
crystals with compositions in the range between 2% and 16% A l . The 
in i t i a l  cyclic  hardening rate  was found to decrease and the saturation  
stress to increase as the SFE decreased. Abel e t  al have indicated that  
there exists a c r i t ic a l  a llo y  content a t  (4-7)% Al above which the 
sudden improvement in fatigue performance is not proportional to the 
decrease of the SFE. For th e ir  16% Al a llo y  they suggested that a change 
in the mode of deformation must be responsible fo r  the improvements. This 
is consistent with the TEM observations obtained by other workers in 
which the dislocation arrangements in alloys up to 4% Al were found to be 
sim ilar to that in fatigued Cu; whereas in the 16% Al. a l lo y ,  the dislocations  
were found to be arranged in planar arrays.
Comparing the surface appearances of Cu and Cu-Zn a llo y  polycrystals  
in the range of 5 wt.% to 35 wt.% Zn fatigued a t  a constant stress amplitude, 
Mcgrath and T h u r s to n ^ ^  found that the width of the s lip  bands decreases 
with increasing Zn content, and the ir  numbers are smaller in the concentrated 
alloys.
These results were explained in terms of the increasing d i f f i c u l t y  
of cross-slip  and to the decreasing SFE with increasing concentration of
solute atoms.
Unlike Cu-Al and Cu-Zr] a llo ys , the SFE values o f Cu-Ni alloys  
are not thought to change s ig n if ic a n tly  from the value fo r  Cu up to 
= 25% Ni as shown by Henderson and Nakajima and Numakura^0^ .
Above th is  concentration of N i , the values are even more uncertain.
By using the value of 0.024 Jm“2 for y in Cu obtained by Nakajima and 
Numakura together with th e ir  curve f o r y / y ^  versus Ni concentration, 
i t  is possible to estimate values of 0.030 Jm"2 and 0.036 Jm"2 for  
Cu-30% and 50% Ni respectively. Whereas the values of y fo r  the same 
a llo y  compositions obtained by H en derso n^^  are 0.017 Jm"2 and 
0.019 Jm"2 respectively. These values are lower than 0.025 Jm"2 
found by Henderson fo r  Cu . Hence, i t  is possible to conclude that the 
fatigue behaviour of the d ilu te  Cu-Ni alloys is not determined by the 
SFE. Recent TEM observations of fatigued Cu-5% and 47% Ni by C h a r s ! e y ^ ^  
show sim ilar dislocation configurations, in these a lloys, giving additional 
evidence th a t the SFE in Cu-Ni alloys does not change s ig n if ic a n t ly  in 
the range 0% to 50% Ni . Fatigue hardening in concentrated Cu-Ni alloys  
has been shown by Charsley et al ^  to be influenced by the presence of 
solute atoms. This point has also been discussed by Mughrabi and W a n g ^ )  
fo r  some other a llo ys , based on TEM studies, and i ts  application to Cu-Ni 
alloys w i l l  be considered further in Section 7B-4. Furthermore, Karnthaler 
and S c h u g e r l^ ^  found s im ilar dislocation configuration i n N i ^ e  mono­
crystals deformed in tension when compared with Cu-15% A l , in spite of the 
d if fe re n t  values of y. On the other hand, th e ir  comparison with pure Ni 
shows d if fe re n t  dislocation arrangements, although both Ni and Ni F^e have 
approximately the same values of y. Their results suggest that the 
deformation in these alloys may not be influenced by the SFE, and the 
e f fe c t  could be due to the presence of solute atoms. The above results  
for the Cu-15% Al is in agreement with the suggestion made by Abel e t  a l ^ ^
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for the Cu-16% AT a llo y .
3-6, The temperature dependence of the flow stress and the role of 
point defects in the fatigue hardening of Copper
Measurements on fatigued Cu obtained by Johnson and J o h n s o n ^ ) ,  
P o la k ^ ^  and Charsley and R o b in s ^ ) ,  suggest that there is a large  
contribution from point defects to the re s is t iv i ty ;  thus they could play 
an important role in the process of fatigue hardening. P o l a k ^ 5^ )  
suggested that point defects contribute to the hardening. Finney and 
L a i r d ^ )  and G ro ss k re u tz^ ) have suggested the possible importance of 
point defect clusters on the flow stress a t  saturation of fatiguedCu 
monocrystals.
Several studies have been made to investigate d ire c t ly  the 
contribution of. point defects and point defect clusters to the stages 
of rapid hardening and the saturation of the flow stress. In some 
cases, the weak beam TEM technique was used to provide evidence of 
point defect cluster formation in fatiguedCu., most o f which were 
id en tif ied  as dislocation loops. Using this technique, Piqueras e t  a l ^ ^  
observed point defect clusters in Cu monocrystals fatigued a t  room 
temperature to a saturation of flow stress, over a range o f between±
0.3 x 10"3 and ± 4.6 x 10"3. The same technique was also used by 
Gonzalez e t  a l ^ ^  and V ictoria e t  a l ^ ^  for po lycrysta lline  samples 
of Cu fatigued a t  295K. For fatigue a t  of ± 25 x 10"3 and ± 36 x 10"3, 
Gonzalez e t  al found that the point defect clusters are formed a t  a high 
rate from the beginning of the fatigue test and th e ir  number tends to a 
saturation value which was found to occur beyond the saturation o f flow 
stress. For such high amplitudes, point defect clusters were found to 
form a f te r  \  and 1 cycle for the la t te r  and the former amplitudes respect­
ive ly . Similar results were also found by V ictoria  e t  a l ^ ^ ,  using
of ± 40 x 10~3. The above observations showed a mean cluster  
diameter of = 4nm.
Most of these workers have concluded that the density of point 
defect clusters increases with increasing strain amplitude and that  
these clusters are the main obstacle to dislocation motion in fatigued  
Cu.
From the foregoing review, point defect clusters may be the 
dominant feature of the temperature dependence of the flow stress. In 
the temperature range between 85K and 300K, V ictoria  e t  a l ^ ^  observed 
that the y ie ld  stress for po lycrystalline Cu fatigued into saturation and 
of samples fatigued a t  d if fe re n t  points of the rapid hardening stage, 
decreases with increasing temperature. During fatigue a t  of ± 25 x 10"3 
in a wider temperature range'between 85K and 550K, Diaz e t  a l ^ 13  ^ found 
that the value of the y ie ld  stress of Cu a t  temperature (T) above the 
fatigue temperature (Tp) is higher than for specimens fatigued a t  
temperature T. This is sim ilar to the e a r l ie r  results obtained by Johnson 
and J o h n so n ^ ),  who measured an increase in the flow stress when poly- 
crys ta ll in e  Cu specimens fatigued a t  4.2K, were annealed a t  295K for  
measurements a t  4.2K. In both cases, i t  was assumed that vacancies 
produced during fatigue aggregate during annealing (e ith er  as small voids 
or as discs which collapse to form small dislocation loops).
Basinski e t  a l ^ 3  ^ fatiguedCu monocrystals in push-pull a t  295K,
78K and 4.2K to saturation over a range of £p between ± 1.0 x 10"3 to 
± 11 x 10"3. The peak stress value a t  this stage of fatigue (which was 
found to be independent of strain amplitude a t  each temperature, i . e .  
plateau region) was found to depend sharply on temperature, being higher 
for the lower temperature. The reported values were -  25, 48 and 73 MPa 
corresponding to the above temperatures.
3-7. Summary and conclusions
PSBs in fatigued Cu were not observed below a certain (threshold) 
value of p lastic  stra in  amplitude. The continuous increase of the 
number of PSBs with fatigue cycling during the stress saturation region, 
for  po lycrysta lline  Cu9 suggests that there may be fundamental differences  
compared with the hardening of monocrystals. The dislocations formed during 
fatigue arrange themselves in configurations which depend upon the applied 
p las tic  strain  amplitude.
The suggested s im ila r ity  of CSS behaviour of Cu and Ni may predict the 
behaviour of Cu-Ni a lloys. In a lloys, grain size plays an important part  
in hardening, but i ts  e f fe c t  in Cu ^ess s ig n if ican t. Fatigue hardening 
is  sensitive to SFE in metals and alloys as well as to solute atoms. The 
e f fe c t  of SFE in Cu-Ni alloys is considered to be small. Point defect 
clusters may a f fe c t  the hardening considerably, both in the rapid hardening 
and the saturation stages.
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CHAPTER 4 
EXPERIMENTAL TECHNIQUES
4-1. Introduction
For the purpose of e le c tr ic a l resistance measurements fo r  various 
compositions of Cu-Ni a llo ys , a t  room temperature and l iq u id  nitrogen 
temperature, specimens were glued to e ither an aluminium a llo y  or copper 
cantilever beam, depending on the temperature of the test (Section 4 -4 ) .  
The beam was subjected to reversed cycling in bending. The change in 
the value of resistance fo r  fatigued specimens was recorded and plotted  
against the number o f cycles.
During isothermal or isochronal annealing, changes in resistance 
were also plotted against time or temperature. Some specimens were 
removed from the beam (Section 4-7) f o r  flow stress measurements, annealing 
studies and microscopic examination.
4-2 . Material composition
The materials tested were obtained in fo i l  form with compositions 
99.997% pureCu, 5% Ni (Goodfellow Metals L td .) ,  9.55% Ni » 20% Ni and 
29.37% N i . The in i t i a l  purit ies  of Copper and Nickel were 99.999%.
In addition Telconstan specimens (46.1% n't » 1.4% Mn) were kindly donated 
by Tel con Ltd.
The fo i l  thicknesses in the "as received" condition were between 
25ym and lOOym depending on material and batch.
4-3 . Specimen preparation
Specimens were die cut with a f l y  press to a dumb-bell shape as 
shown in Plate 4-1. A clean edge was obtained a fte r  die cutting as
confirmed by optical microscopy. The specimen thickness was measured 
using a dial micrometer gauge, with an accuracy of ± lym. The variation  
of thickness over the area of individual specimens was ± 2ym. The 
specimens were electropolished prior to annealing and as a resu lt  of 
electropolishing, specimens were found to have a thickness variation o f  
± 4ym. This method was used on a l l  specimens with the exception of the 
5% Ni which was found on receip t to have ro ll in g  lines v is ib le  to the 
eye on both sides. During cycling, specimens of this material often  
became detached from the beam, maybe because of the presence of these 
l ines . To overcome this problem the specimens were mechanically polished, 
using 600y s i l ic a  carbide emery paper, followed by polishing with Brasso. 
Specimens were then electropolished before annealing. As a re s u lt  of 
mechanical polishing the average thickness was reduced from 72ym to  ^ 60ym, 
with a thickness variation of not more than ± 5ym.
A fter the polishing process, a l l  specimens were cleaned with acetone 
and dried ca re fu lly  with paper tissues before annealing in a vacseal Vs2 
furnace (Metals Research Ltd.) under a vacuum of better than 9 x 10"3Pa 
( -  7 x 10"5 to r r ) .  The temperature s ta b i l i ty  of the furnace was ± 2K 
and was measured using Nickel-chromium/Nickel-aluminium thermocouple a t  
the centre of the furnace.
Specimens were annealed to d if fe re n t  temperatures between 973K and 
1273K fo r  2 hours. The specimens were allowed to cool in the furnace 
before remoyal. Specimens were then glued, using M-Bond 200 adhesive 
on to a clean surface of a cantilever beam. F irs t ,  a f in e  grade of  
cigarette  paper was stuck to one side of the specimen, this side in turn 
was glued to the beam. The c igarette  paper ensured e le c tr ic a l insulation  
between the beam and the specimen. Four copper wires -  100 ym diameter 
were soldered to the specimen to provide the current and potential leads 
for the e le c tr ic a l r e s is t iv i ty  measurements. In some cases, the resistance
change of the fatigued specimen was measured a fte r  removing the specimen 
from the beam or a f te r  long term ageing, in which case the leads were 
spot welded prio r to annealing.
Two methods were used to remove the fatigued specimens from the 
beams. The f i r s t  method used was to immerse the beam in boiling water 
until the specimen became detached. This technique was changed because 
the specimen was then subjected to possible damage due to the boiling  
action of the water. The method used fo r  most of the experiments was 
to place the beam horizontally  in a shallow bath containing Dimethylformamide. 
After = 20 hours a t  room temperature, the adhesive was dissolved releasing  
the specimen from the beam.
4^4. The fatigue machine
Plate 4-2 and Fig. 4-3 show a cantilever beam [ H o r n e ^ ^ ]  so 
shaped that when i t  was bent there was a constant strain along the beam axis. 
The fatigue machine Plate 4-2, was used to bend the beams. The basic design 
of the machine was taken from the National Aerospace standard No. 942. The 
widest end of the beam was clamped to a r ig id  p i l la r ,w h i le  the other end 
was attached to a con-rod eccentrica lly  bolted into a motor driven f l y  
wheel. The connection of the beam to the con-rod was made by means of a 
pivoting jo in t  which allows free movement of the beam end in an arc rather  
than constraining i t  to remain para lle l to the fixed end.
D iffe ren t strain amplitudes between ± 0.4 x 10"3and ± 3.8 x 10” 3 
were possible by varying the connection of the con-rod to the f l y  wheel.
The strains were measured by means of a resistance strain gauge glued to 
the surface of the beam.
The speed of cycling was fixed to be 16Hz. A cycle counter was 
set to cut the motor a f te r  a pre-determined number of cycles. For 
testing a t  l iqu id  nitrogen temperature, the specimens were in most cases
glued to copper beams rather than aluminium a llo y  beams to reduce the
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e ffe c t  of the difference in coe ff ic ie n t of thermal contraction between 
the beam and the specimen.
Modification to the fatigue machine was also required and was 
used o r ig in a l ly  by Shim m in^. This basically  involved turning the 
machine 90° from i ts  normal position, Plate 4-3. A tufnel box, with 
an open top, sealed a t  the jo in ts  with PTFE tape was f i t t e d  round the 
beam and through the p i l l a r  so that the position of the moveable end 
of the beam and the con-rod was above the top of the box. When the box 
was f i l l e d  with liqu id  nitrogen, the la t te r  covered the end of the 
specimen to a depth of -  0.015m. The outer surface of the box was 
covered with a thick layer of polystyrene to reduce the evaporation rate  
of l iqu id  nitrogen. A drain tap was f i t te d  a t  the bottom of the box 
providing a method fo r  rapidly draining liqu id  nitrogen.
4 -5 . E lectr ica l resistance measurements
E lectrica l resistance measurements were carried out a t  room temperature 
or a t  l iqu id  nitrogen temperature, using either a standard potentiometric 
technique or a f iv e  figure (Solartron type A210) d ig ita l voltmeter. The 
la t t e r  was used in most cases. A suitable standard resistor was connected 
in series with the specimen (depending on the resistance of the specimen) 
in order to obtain comparable values of voltage across the specimen and the 
standard res is to r. A specimen current of -  0.5 amp. generated from a current 
supply stable to better than 1 part in 10  ^ was used. Resistance values 
were obtained by comparing the voltage across the specimen and a standard 
re s is to r. In order to eliminate the junction thermoelectric po ten tia ls ,  
the mean values of the voltage across the specimen were taken with forward 
and reverse currents, using an all-copper reversing switch. The greatest 
source of uncertainty in the readings a t  room temperature was due to the 
e ffe c t  of the temperature c o e ff ic ien t of r e s is t iv i ty .  For IK temperature
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change, the resistance changes fo r  Cu* 10% Ni and 47% Ni were 0.43%,
0.055% and 0.0027% of the respective in i t i a l  values. Therefore, i t  was 
possible in the case of alloys with 47% and 30% Ni to make the measure­
ments in a normal laboratory environment, but fo r  compositions between Cu 
and 20% Ni, measurements were made in a constant temperature bath. For this  
purpose the beam with the specimen attached was removed from the fatigue  
machine and placed in a thermostatically controlled para ffin  o i l  bath 
a t  295K ± 0.1K with a thermocouple taped to the specimen surface. I t  was 
possible to detect resistance changes of -  0.002% of the in i t i a l  resistance.
A maximum resistance change of -  23% was measured.
4-6. Yield stress measurements
A fter the required number of cycles, specimens were removed from 
the beam in the manner described in Section 4 -3 , for  y ie ld  stress 
measurements a t room temperature. An E-type Tensometer (Tensometer Ltd.)  
was used to stra in  specimens to beyond the ir  y ie ld  points, using stra in  
rates of 6.4 x 10"5 and 6.4 x lO ^ s ec "1. The y ie ld  stress was defined 
as the intersection of the tangent to the stress-stra in  curve with the s tra ight  
l ine  extrapolated from the l inear e la s t ic  region of the curve, Nakanishi and 
S u z u k i T h e  chart recorder was adjusted to read fu l l -s c a le  loads of
5, 10 or 25kg according to the material being tested. Using an alignment 
j i g ,  with location pins, Fig. 4 -1 , two plates were placed into position.
Both plates have a recess 'm illed-out' to the depth and width of the 
specimen. The specimen was then stuck with M-Bond 200 adhesive into the 
recesses. The two top plates were then glued on to the top surface of 
the specimen ends. When the specimen was f irm ly  fixed to the p lates, a 
perspex sheet was placed on top of the j ig  which was then turned over and 
removed, leaving the specimen with the four plates on the sheet. This 
f a c i l i ta te d  the transfer of the specimen to the holding mechanism (Plate
4-4) of the tensometer without damage. A maximum error of ± 3MPa9 arising  
prin c ipa lly  from the measurement of cross-sectional area, was introduced 
into the fatigue hardening curve.
4-7. Annealing of the specimens
Some fatigued specimens were removed from the beams for annealing 
studies. Specimens of 5% Ni were isochronally annealed and 30% N.i were 
isothermally annealed in a vacuum fu rnace. The specimens were placed 
into a s i l ic a  or pyrex glass tube, depending on the annealing temperature, 
with vacuum tap and connection a t  one end. The tube was evacuated to a 
pressure of better than 1.33 x 10”1 Pa ( -  1 x 10"3 to r r ) .  When the 
furnace had s tab ilized  a t the annealing temperature, the tube was placed 
into position in the furnace and reconnected to the vacuum pumps. A fter  
approximately 10 minutes, the specimen-reached thermal equilibrium with 
the furnace and maintained a constant temperature of better than IK, as 
confirmed by means of a thermocouple taped to a dummy specimen.
A fter annealing the tube was taken from the furnace and with the 
specimen s t i l l  under vacuum quenched in a bath of water a t  room temperature. 
Specimens were then removed from the tube, mounted between two microscope 
slides to avoid bending and e lec tr ic a l resistance measurements were taken 
a t 295K. For the 5% Ni a f te r  isochronal annealing, measurements of the 
resistance had to be taken in a controlled temperature bath. The 
microscope slides were clamped to a r e la t iv e ly  large piece of glass before 
immersing them in the bath. The resistance varied considerably, presumably 
due to the pressure exerted on the specimen a t  the contact points of the 
leads to the surface, due to the clamping e ffe c t .  A lte rn a tiv e ly ,  and to 
eliminate this e f fe c t ,  two U shaped pieces of thin glass were glued to 
one side of a microscope s lid e , leaving enough space to place the specimen 
as shown in Fig. 4 -2 .
Because of the rapid recovery in the resistance changes with time 
at room temperature immediately a f te r  fatigue a t  th is temperature for  
the compositions up to 20% Ni, a d if fe re n t  technique was used for these 
alloys during isothermal annealing. The specimen with the e lec tr ica l  
leads s t i l l  connected was clamped to the beam in the manner shown in 
Fig. 4-3 (a t  th is stage the specimen was s t i l l  stuck to the beam). Two 
strips of 0.05 x 0.01 x 0.001m PTFE sheet were placed so that one was 
paralle l to a specimen side, the other was touching the surface of the 
wider end of the specimen. This end was clamped with a th ird  sheet to the 
beam, leaving the second end of the specimen free for unrestricted linear  
expansion during annealing. The difference in the resistance change fo r  
specimens before and a f te r  clamping was found to be neglig ib le . The 
specimens were then annealed isothermally a t various temperatures in a 
high temperature thermostatically controlled bath o f hydrocarbon o il  
(Grant Instruments L td . ) .  The temperature of the bath was controlled by 
an adjustable contact thermometer to within 0.05K. For annealing 
temperatures above 348K, i t  was necessary to use PTFE covered wires.
After annealing, the beam was quickly immersed in a bath o f water a t  
room temperature. To remove a l l  traces of hydrocarbon o i l ,  the specimen 
was then washed in a bath of paraffin  o il followed by acetone and f in a l ly  
by paraffin  o il before placing the beam in the temperature controlled  
bath for resistance measurements.
In order to carry out annealing a f te r  fatigue a t  78K, the l iqu id  
nitrogen was drained from the box (Section 4 -4 ) ,  allowing the temperature 
of the specimen to r ise  to a pre-determined point indicated by a thermo­
couple taped to the specimen. When this temperature was reached, the box 
was r e f i l le d  with liqu id  nitrogen and e lec tr ica l resistance measurements 
were taken a t  78K. The rate of r ise  of temperature between 78K and300K 
followed the curve shown in Fig. 4-4.
Some specimens of 10%, 30% and 47% Ni alloys were annealed a t 973K 
fo r  2 hours, as described in Section 4-3 , and then aged in a vacuum a t  
593K± 5K for one year. In order to produce uncontaminated specimens, 
i n i t i a l l y  specimens were placed in a pyrex tube through one end large 
enough to insert the specimens with the other end sealed. With the 
specimens in position, the tube was then 'necked down1 before evacuation. 
When a p r e s s u r e _ o f 1.33 x 10“3 Pa ( -  1 x 10"5 to rr)  was reached, the 
‘necked down' section o f the tube was sealed. The specimens in a vacuum 
were placed in furnace and aged. A mercury thermometer was in contact 
with the furnace w a ll.
4 -9 . Microscopic observations 
4^9.1. Optical microscope observations
In order to determine the grain size and to observe the formation
of s l ip  bands on specimen surfaces a f te r  cycling, specimens of 47% and 
30% Mi were electropolished in 30:70 n i t r ic  acid methanol mixture a t  
273K, using 8 volts with a current density of 5 x 103 amps m"2 and a 
stainless steel cathode, L e o n g ^ ^ .
For Cu, 5% and 10% Ni, specimens were polished using the above 
conditions but the temperature of the solution was reduced to 253K and a 
current density of 6 x 103 amp m"2 was used. A fter electropolishing
specimens of 10%, 30%, and 47% Ni were etched in a 10% solution of
ammonium persulphate in water a t  room temperature to reveal the grain 
size . The grain sizes of annealed Cu and 5% Ni were well defined a f te r  
electropolishing.
An ASTM comparative method or Je ffe r ies ' Planimetric method, 
K e h l^ ^ ,w a s  used for grain size determination. The f i r s t  method was 
used in most cases.
For the s lip  band observation, the beam with the specimen 
attached was removed from the fatigue machine and examined under the 
microscope. For these observations a Reichart MEF microscope was used.
4 -9 .2 . Scanning electron microscope observations
Electropolished surfaces of fatigued 5% and 30% Ni alloys were 
also examined in a scanning electron microscope, Model 2A (A Cambridge 
stereoscan) using an accelerating voltage of 20 or 30KV. For this  
purpose, specimens of -  0.01m length were cut from a fatigued specimen 
on a Servoment Spark Machine (Metals Research Ltd .) with 76ym 
tungsten wire using range 7. The specimens were cleaned f i r s t  in a 
bath of acetone before scanning. In most cases a t i l t  angle of 45° 
or 27° was used.
Fig. 4-1. Diagram showing how a specimen was aligned 
between the plates for y ie ld  stress measurements.
Fig. 4-2. The method used for the e lectrica l  
resistance measurements in a controlled 
temperature bath at room temperature.
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Fig. 4-3. Schematic diagrams showing the beam and the 
method used to clamp a specimen to the beam for the 
isothermal annealing in a bath of hydrocarbon o i l .  
a) Longitudinal section view, b) Plan view.
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Plate 4-1. The specimen shape, x 2.
Plate 4-2. The fa t igue  machine used fo r  tes t ing  the 
specimens a t  room temperature.
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Plate 4-3. The fa t igue  machine used f o r  tes t ing  the 
specimens a t  l i q u id  ni t rogen temperature.
Plate 4-4. The specimen in s i tu  fo r  
y ie ld  stress measurement.
CHAPTER 5
MEASUREMENTS OF ELECTRICAL RESISTANCE CHANGES 
DURING FATIGUE AND SUBSEQUENT ANNEALING
5-1. Grain size and in i t i a l  r e s is t iv i t ie s
The in i t i a l  re s is t iv i ty  values a t  room temperature and,for some 
a llo y  specimens?at l iqu id  nitrogen temperature (78K) are shown in 
Table 5-1 . Since there was a maximum variation in the fo i l  thickness 
of *  4ym, the r e s is t iv i t ie s  shown represent the average values. The 
grain sizes for various specimen materials subjected to d i f fe re n t  
annealing temperatures are also shown in the Table.
5-2. E lectr ica l resistance changes during fatigue
"In a l l  cases, fatigue and measurements were carried out a t  
room temperature unless otherwise stated."
Figs. 5-1 to 5-6 show the percentage resistance changes versus
cycles fo r  5%, 10%, 30% and 47% N i . For the f i r s t  two a lloys , the
percentage resistance changes are plotted on a l inear scale and the 
number of cycles on a logarithmic scale, whereas the 30% and the 47%
Ni are plotted on logarithmic scales.
5 -2 .1 . 5% Ni a llo y
The e ffec t  o f varying the to ta l strain amplitude on resistance changes
for this a llo y  can be seen in Fig. 5-1. The resistance change decreases
i n i t i a l l y  and passes through a minimum a t -  1 x 10s, 7 x 103, 2 x 103 and
2 x 102 cycles for strain  amplitudes of ± 0.4 x 10“ 3,±  0.8 x 10"3,
± 1.4 x 10"3 and ± 3.8 x 10”3 respectively. The resistance change then 
begins to increase again although the tota l change does not become 
positive. By increasing the strain amplitude, the number of cycles to
the minimum decreases and the depth of the minimum increases.
The f i r s t  development of PSBs on the surface o f the specimens 
was found to occur approximately a t  the minimum. Fig. 5-1 also shows that  
the fraction  of grains in which there are PSBs, increases with
fatigue cycles and this fraction  is larger for the specimens fatigued a t  
a higher stra in  amplitude for a given number of fatigue cycles. At 
to ta l stra in  amplitudes of ± 0.8 x 10“ 3 , ± 1.4 x 10~3 and ± 3.8 x 10“ 3, 
average numbers for -  700 grains were determined.
Shimmin^ suggested the p o ss ib il i ty  of a compressive s tra in  
affecting the resistance change during fatigue a t  78K. The e f fe c t  of  
a compressive strain would be to change the value of the mean s tra in  of 
a te s t. This implies according to Shimmin, a s h i f t  of the minimum to a 
lower number of cycles, i . e .  an e f fe c t  sim ilar to increasing the s tra in  
amplitude in Fig. 5-1. The e ffe c t  of temperature on the resistance  
changes during fa tigue fo r the 5% Ni is shown in Fig. 5-2 . Specimens 
were fatigued a t  78K using = ± 1.4 x 10"3, measurements were taken a t  
78K. Using the experimental values given by W h i t e ^ ^  fo r  the lin ear  
thermal contractions (LTC) a t  80K re la t iv e  to 293K of A! (beam m ateria l)  
and Cu as 39.1 x 10_If and 30.2 x 10-4 respectively, and assuming tha t the 
value fo r  LTC of the 5% Ni is the same as for Cu» there w i l l  be a compressive 
strain  on the specimen a t  78K of 8.9 x 10”\  To investigate the possible 
e ffe c t  which the compressive stra in  might have on the resu lts , specimens 
were fatigued using beams of d if fe re n t  materials; Copper and Brass in 
addition to Aluminium were tr ie d  without observing any s ig n if ic an t  
difference in the resistance change versus number of cycles, Fig. 5-2.
Also in this f igure  is a comparison between specimens fatigued a t  295K and 
measured a t  the same temperature and the specimen that had been fatigued  
a t  295K and measured a t  78K. The minimum in the curves fo r  specimens 
fatigued a t  78K and 295K seems to occur a t  approximately 1 x 103 and 2 x 103
-61-
ARcycles respectively. Since the difference in the value of a t  
1 x 103 and 2 x 103 cycles a f te r  room temperature fatigue is small 
(-3%), i t  is not unreasonable to assume that the minimum occurs a t  
the same number of cycles fo r specimens fatigued a t  78K and 295K. This 
suggests that the p lastic  s tra in  amplitude is not very d i f fe re n t  a t  the 
two temperatures, A s im ilar suggestion was made by Shimmin^ fo r  the 
10% Ni specimens fatigued under s im ilar conditions. With increasing
a D
fatigue cycles, c learly  the difference in the value of —  fo r  specimensR
fatigued at 78K and 295K for measurements a t 78K increases. For example, 
a t 1 x 102, 1 x 103 and 1 x 104 cycles, the respective differences are 
-  0.1%, 0.2% and 0.3%. The curves obtained by Shimmin fo r  Cu under s im ilar  
fatigue conditions, are also shown in Fig. 5-2 for comparison.
5 -2 .2 . 10% Ni a lloy
The e f fe c t  of varying the s tra in  amplitude on e le c tr ic a l resistance 
changes fo r  the 10% Ni can be seen in Fig. 5-3. Behaviour s im ila r  to 
that of the 5% Ni was obtained where the resistance decreases i n i t i a l l y  
and passes through a minimum a t approximately 1 x 105, 2.x 104 , 1 x 10^,
2.5 x 103, and 2 x 102 cycles fo r  tota l stra in  amplitudes o f ± 0.4 x 10“ 3,
± 0.6 x 10“3, ± 0 .8  x 10~3? ± 1.4 x 10“ 3 and ± 3.8 x 10"3 respectively .
The minimum fo r the lowest amplitude is not well defined. However, at 
a given stra in  amplitude, the number of cycles to the minimum is approximately 
the same fo r  5% and 10% Ni alloys; the percentage change is  la rger fo r  the 
la t te r  a lloy a t  a given amplitude and number of cycles, except a t  a s tra in  
amplitude of ± 0.4 x 10“3 where the 5% Ni shows a larger percentage change 
in the resistance. The curve fo r  a specimen aged a t  -  600K fo r  one year 
and fatigued a t  o f ± 1.4 x 10"3 is also shown in this f ig ure  with a curve
obtained by Charsley and Shimmin^ fo r  a specimen that had been annealed,
furnace cooled and fatigued a t  the same amplitude for comparison. 
Although the number of cycles to the minimum is approximately the same 
for both types of specimen, the aged specimens show a larger resistance 
decrease of -  0.05% near the minimum. I t  has been shown by Shimmin^  
that for this a llo y  the sharp upturn in the resistance beyond the 
minimum is not due to microcracking, but the sharper upturn in the 
resistance a t  about 2 x 101* cycles a t  this amplitude was attributed  to 
microcracking. ^Accordingly, i t  is concluded that microcracking occurs 
a t  about the same number of.cycles fo r  the aged specimen.
5-2 .3 . 30%Ni a llo y
The results of fatiguing the 30% Ni a t d if fe re n t  between 
± 0 .8  x 10"3 and ± 3.8 x 10"3 are shown in Fig. 5-4. A d if fe re n t  
behaviour was obtained during fatigue from that of alloys with lower 
Ni composition as described e a r l ie r ;  the change in resistance was 
always positive. With an increase in the strain amplitude, the 
resistance change increases for a given number of cycles and the number 
of cycles to crack in i t ia t io n  decreases, Table 5-2 (crack in i t ia t io n  
was estimated from the sharp upturn in the resistance change versus 
cycles). For of ± 1.4 x 10“3 and ± 1.9 x 10“ 3, the resistance
change increases l in e a r ly  on a log-log scale until microcracking 
occurs. The linear part for a specimen fatigued a t  e^ of ± 0.8 x 10“ 3 
is confined to between -  1 x 103 and 6 x 10** cycles. A fter this number 
of cycles, the increase in the resistance change became slower, tending 
to a saturation value a t  -  4 x 105 cycles. The specimen became detached 
from the beam a t  this number of cycles, so that the test could not be 
continued. On the other hand, no linear region can be seen during 
fatigue a t  e^ of ± 2.5 x 10"3and ± 3.8 x 10“ 3. There was no observable 
change in the resistance during fatigue of a specimen of this a llo y  up
to  ^ 1 x 106 cycles fo r  of ± 0.4 x 10~3. A curve for a specimen of 
this a llo y  aged a t  -  600K for one year and fatigued a t  of ± 1.4 x 10”3 
is also shown in Fig. 5-4. Comparing this with the normal (not aged) 
specimen fatigued a t  the same strain amplitude, no s ig n if ica n t difference  
in the resistance change was observed up to -  2 x 10  ^ cycles. Beyond 
this number of cycles the aged specimen shows a higher change in the 
resistance, but i t  is not certain i f  this is s ig n if ican t, since i t  might 
be due to cracking
For 47% and51.% Ni, Chars!ey and R o b in s ^  found the re la tio n
—  = AN*5 is obeyed up to -  1 x 101* cycles, where A and P are constants fo r  
R
a given specimen and amplitude. The values of these constants were 
calculated a t  d i f fe re n t  amplitudes fo r  the 30% and the 47% Ni with
d if fe re n t  grain sizes and are shown in Table 5-2.
I t  was found by Shimmin^ that during the fatigue a t  l iq u id  nitrogen 
temperature of specimens of the 30% Ni a t  of ± 1.4 x 10” 3, specimens 
became detached from the aluminium beam a fte r  several cycles. To overcome 
this problem, the specimens were glued to a copper beam; with th is  tech­
nique and using the amplitude of ± 1.4 x 10” 3, the specimen remained fixed
to the beam up to = 1 x 105 cycles. The average values fo r  four specimens 
fatigued a t  78K are shown in Fig. 5-4. A small decrease in the resistance 
of -  0.005% seems to occur a t  -  75 cycles, followed by a slow increase up
to -  200 cycles and then the resistance change increases more rapid ly  on
a log-log plot to -  2 x 10  ^ cycles followed by a slower increase to
saturation beyond -  5 x 101* cycles. Taking into account errors of the
measurements, which are of the same order as the resistance decrease, makes 
the value of the measured decrease uncertain. Nevertheless, the shape of  
the curve is s t i l l  d if fe re n t  in this region compared with room temperature 
fatigue.
5-2 .4 . 47% Ni a llo y
Fig. 5-5 shows the results obtained by fatiguing 47% Ni specimens 
with d if fe re n t  stra in  amplitudes. The e f fe c t  of varying the specimen 
thickness and grain size on the e lec tr ica l resistance changes during 
fatigue are also shown. The results are compared with those obtained by 
Robins and Charsley^) during the fatigue of 13ym grain size specimens. 
The change in the e le c tr ic a l resistance increases with the number of  
cycles in a l l  cases. All specimens fatigued a t  of ± 1.4 x 10“ 3 and 
± 3.8 x 10~3 show resistance increases which are linear on a log-log  
scale independent'of the grain size. For a given grain s ize, increasing 
the strain amplitude increases the resistance change and decreases the 
number of cycles to crack in i t ia t io n ,  w hilst the e ffe c t  of increasing 
the grain size when the strain amplitude is constant depends on the 
amplitude of the te s t.  For example, a t  of ± 3.8 x 10“ 3, the grain 
size does not play an important ro le , whilst a t  the lower amplitudes of 
± 1.4 x TO” 3 and ± 1 x 1CT3 , the e f fe c t  of the grain size becomes more 
s ig n if ican t. However, the l i f e  becomes shorter a t  a l l  amplitudes fo r  an 
increase in the grain size.
The e f fe c t  of changing the specimen thickness has no s ig n if ican t  
e ffe c t  on the resistance change for specimens of 25 and 100 ym thickness, 
fatigued a t  an intermediate stra in  amplitude, except that the l i f e  is 
shorter for the thinner specimen. Also in Fig. 5-5 a curve is shown 
fo r  a specimen which had been aged for one year a t  -  600K prior to 
fatigue a t  of ± 1.4 x 10” 3. For this specimen, a lower resistance 
change was measured and a shorter l i f e  was expected than for specimens 
which had not been aged.
The e f fe c t  of varying the grain size during the fatigue of the 
47% Ni a t  of ± 0.8 x 10"3 is shown in Fig. 5-6. For 13ym grain s ize ,  
Robins and C h ars !ey ^  observed no change in the resistance even a f te r
-  1 x 106 cycles and in the present work, no change was observed in a 
tes t lasting fo r  1.5 x 106 cycles. When the grain size is increased to 
25, 50 and lOOym, the resistance begins to increase with fatigue a t  
= 2 x 105 and 1.5 x 105 cycles for grain sizes of 25 and 50ym respectively. 
For specimens with lOOym grain size, the increase in the resistance starts  
from the beginning of the fatigue l i f e  within the l im its  of the resistance 
measurements. The number of cycles to crack in i t ia t io n  decreases as the 
grain size increases. When the strain amplitude was decreased to ± 0.4 x 10" 
no change in the resistance was measured for specimens of th is  a llo y  with 
50 and lOOym grain size during fatigue tests lasting fo r  -  1 x 106 cycles.
5 -2 .5 . Ageing of fatigued specimens
Specimens of 5% and 20% Ni were fatigued a t  295K using a strain
amplitude of ± 1.4 x 10” 3 , to approximately the ir  respective maximum
changes of resistance. They were then aged a t  295K. In addition a
specimen of 30%Ni was fatigued to a resistance change of = 1%. Similar
experiments on the lO IN i fatigued to a maximum change in the resistance
of -0.74%, were previously carried out by S him m in^. In the cases
of the 5%, 10% and 20%Ni , the resistance change increases with time
while for the 30%Ni , there was no observable change in the resistance
a fte r  ageing fo r 14 days. In order to make a more d ire c t  comparison of
the ageing processes in the d i f fe re n t  a lloys, the changes during ageing
were expressed as a frac tion  of the in i t ia l  resistance change due to
fatigue. These values are plotted versus time in Fig. 5 -7 . Since a l l
of the fractional changes are with reference to a single ( i n i t i a l )
A R .- A R -
resistance value, the ordinate in Fig. 5-7 is — ^ -----  where ARp and AR^
are the percentage resistance changes of the fatigued specimens and the 
aged specimens a f te r  time t  respectively. The values fo r  the frac tiona l
resistance changes increase with time for alloys with 5%, 10% and 20% Ni,
- 6 6 -
with the largest values fo r  the 10% Ni and the lowest values for the 5%Ni . In 
5% and 10% N i , the fractional changes reached a steady state a f te r  
-  10 days and 5 days respectively. For the 20% Ni however, the resistance 
probably had not reached a steady value even a f te r  ageing fo r  24 days.
As a resu lt  of ageing a t  78K a f te r  fatigue a t  78K of the 10% Ni,there  
was no measurable resistance change even a f te r  several hours.
5 -2 .6 . '  Variation of |AR/R] 'VersusE|e |
r
Fig. 5-8 shows the log-log p lo t fo r the variation of the absolute 
value of the percentage change in the resistance with the cumulative 
plastic  strain fo r  Cu, 10%, 30% and 47% Ni a t  of ± 3.8 x 10"3. The 
plas tic  strain per cycle was calculated using the formula,
where Cp, e^ are the p lastic  and tota l strain amplitudes respectively, 
a is the stress amplitude and E is the Young's modulus.
ARThe resistance change fo r  the alloys follows the re la tion  |^—| =
C (s |e  |)^ up to cumulative p lastic  strain of 0 .5 ,  5 and 6 for the 10%,
r
30% and 47% Ni respectively, where C and q are constants. The values of the 
exponents were found to be 0.70 for the 30% and 47% Ni and 0.60 for the 
10% Ni , using the method of the least squares.
5-3. E lectrica l resistance changes during annealing a f te r  fatigue  
Specimens of Cu9 5%, 20% and 30% Ni were fatigued a t  78K to the 
respective resistance changes of 23%, 0.27%, 0.075% and 0.12%, using 
a strain amplitude of ± 1.4 x 10"3. The specimens were allowed to warm 
up to a pre-determined value before the resistances were measured again 
a t 78K. The specimens were annealed up to 295K or 375K, the rate of
annealing following the curve shown in Fig. 4-4 . The results are 
shown in Fig. 5-9. On this figure is also shown a curve for the 10% Ni. 
with an annealing rate  of about one degree per minute which was taken 
from the work of Shim m in^. For the 5% and 10% Ni , the resistances 
begin to decrease a t  -  140K and 150K and then to pass through minima a t  
200K and 230K respectively. The corresponding decreases in the resistances 
a t  these two temperatures were -  13% and 11% of the fatigued values for the
5% and 10% Ni respectively. Whereas for alloys of 20% and 30% N i » no
s ig n if ican t change in the resistance can be seen during the annealing 
for temperatures up to * 260K and 290K respectively. Above those 
temperatures the resistance begins to increase fo r  the 20% Ni and to 
decrease in the case of the 30% Ni .
In the case of Cu» a large decrease in the resistance was measured.
The resistance begins to decrease a t  -  100K and continues to decrease 
until by -  300K, 50% of the induced resistance increase during fatigue  
was recovered. The resistance change is not so rapid a f te r  -  300K.
Specimens of the 5% Ni were isochronally annealed a f te r  fatigue  
a t  295K to a resistance decrease of 0.5% on either side of the minimum 
(Fig. 5 -1 ) .  The specimens were then annealed for one hour a t  each 
required temperature (T) (295K < T < 773K). Similar isochronal 
annealing curves fo r  the 10% and 20% Ni fatigued to resistance decreases 
of 0.7% and 0.3% respectively were obtained by Charsley and Shimmin^  
and Charsley and R o b in s ^ ,  using sim ilar fatigue and annealing conditions.
In order to make a more d irec t comparison of the resistance changes 
during annealing in the d if fe re n t  a lloys, the fractional changes were
art - arf
plotted versus Temperature (T) in Fig. 5-10. The ordinate is — r*— -AKp
where ARp and ARy are the values of the resistance changes of the 
fatigued and annealed specimens respectively. A ll curves pass through 
maximum values and the maxima for 5%, 10% and 20% Ni occurs a t  * 61 OK,
570K and 540K respectively.
I
Figs. 5-11 to 5-13 are the isothermal annealing curves fo r  
specimens of 10%, 20% and 30% Ni fatigued a t  of ± 1.4 x 10"3, 
to resistance changes of -0.66%. -0.21% and +1.1% respectively.
For the 10% Ni (F ig . 5 -11), the resistance increases rap id ly  a t  
annealing temperatures of 408K and 423K for the f i r s t  f iv e  hours, 
followed by a slower increase in the resistance change, but i t  does 
not seem to reach a steady value even a f te r  40 hours. Annealing a t  the 
lower temperature of 373K shows that the in i t ia l  change in the resistance 
is less rapid and there is s t i l l  a noticeable increase in the resistance 
a fte r  -  40 hours. The resistance change for annealing a t  333K, reached 
a saturation value a f te r  -  20 hours. This time for ageing a t  295K was 
found to be -  120 hours by S him m in^.
For the 20% Ni (F ig . 5-12) the shape of the curves are s im ilar to 
those of 10% Ni. For annealing a t  373K and 393K, no saturation value of 
the resistance change was observed up to 13 and 30 hours respectively .
Results for the 30% Ni are shown in Fig. 5-13. The resistance  
change decreases with time for a l l  annealing temperatures investigated.
The rapid decrease in the resistance a t  higher annealing temperatures 
(453K < T < 573K)was followed by a slow decrease but no sign of saturation  
of the resistance was observed over the measured time range. On the other 
hand, annealing a t  373K for 132 hours indicates a saturation of the 
resistance change a f te r  -  40 hours. Annealing a t  413K was discontinued 
a fte r  26 hours, but i t  is expected that the resistance change w i l l  
saturate probably a f te r  -  40 hours.
5-4. Calculation of the activation energy associated with the annealing 
out of the r e s is t iv i ty  changes.
From the isothermal annealing results for 10%, 20%, and 30% Ni , the
activation  energy for the process causing the resistance change was 
estimated. On the assumption that the annealing out of the r e s is t iv i ty  
changes depends on the migration of point defects, then the activation  
energy w il l  have a value equal to that for defect migration. I f  N is
r
the number of point defects per unit volume which are present a t  any time 
t ,  then the change in the density of defects may be written as,
- dNp = a .  <  e 'U/ kT 
W  p
where a is constant, y is the order of the recovery mechanism, i . e .  the 
number of defects which take part in each recovery process, U is the 
energy of migration of the defects and T is the annealing temperature in 
degrees K.
ARAssuming that the change in the resistance (•£-) due to the defects
is proportional to the concentration of defects (Np) then,
b ( f ) y e -U/ kT
I t  may be assumed that the specimen states w ill  be the same for two
specimens of the same a llo y , fatigued a t the same amplitude to the same
ARvalue of ■£- and annealed a t temperatures T-j and the same new value
of (?& therefore,
K X
d ( # ) x / dt i  _ u/ 4
d # V d t 2 e *  1
i - e -  u = l " £ f ( k r r  h
' T ' 2
This calculation was carried out several times for each temperature 
range shown in Table 5-3 using Cross-Cut method. The estimated activation  
energies fo r  the migration of point defects were calculated and shown in 
the table with an estimated error of ± 0.05eV. Also shown, is the value 
obtained for the migration energy of point defects in 47% Ni specimens 
fatigued under s im ilar conditions by Charsley and R o b in s ^ .
TABLE 5-1
Grain sizes and in i t i a l  re s is t iv i t ie s
Material
Annealing 
Temperature 
K
Grain size 
ym
Thickness
ym
R es is t iv ity  
a t 295K 
x 10“ 8ftm.
R es is t iv ity  
a t  78K 
x 10“8ftm.
Cu-99.997% 973 100 78 1.65
973 25 70 9
5% Ni
U73 65 60 7
973 72 80 13.30 11.30
10% Ni
973 72 80 13.26*
20% Ni 973 21 92 23+
973 50 82 34.50 33.60
30% Ni
973 50 82 34.10*
973 15 25 48 !
973 15 100 48
1
47% Ni 973 15 100 46.34*
1|
1093 25 100
1148 50 100
1273 100 100 48
+ a f te r  Charsley and R o b in s ^
*  specimens aged a t  600K fo r  1 year
TABLE 5-2
Number of cycles to crack in i t ia t io n  and physical constants
Material ct  X .10-* Grain size 
ym
Nx x 103 P A
xlO"5
Reference
± 0.8 50 300
Cu -99.997% ± 1.4 
± 3.8
50
50
20
0.4
(12)
10% VA ± 0.8 
± 1.4
72
72
900
25 (3)
± 0.8 50 0.53 1
± 1.4 50 40 0.59 2
30% Ni : ± 1.9 
± 2.5 
± 3.8
50
50
50
12
5
1.8
0.61 4
± 1.0 13 800
± 1.4 13 0.60 3
± 1.6 13 20 0.63 5 (5)
± 2.0 13 20 0.72 4
47% Ni ± 1 .4*  
± 3.8
15
15
20
2.5
0.60
0.77
3
14
± 0.8 25 1800
± 0.8 50 1300
± 0.8 100 250 0.35 3
± 1.4 100 7 0.60 4
± 3.8 100 1.2 0.77 14
*  specimen of -  25ym thickness
TABLE 5-3
Calculated values of the activation energy of point 
defects migration
Alloy Temperature
K
U-jeV U2eV U3eV AverageUeV
333, 408 0.68 0.50 0.73 0.63
10% Ni 408, 423 1.55 1.38 1.60 1.50
20% Ni 373, 393 0.50 0.46 0.55 0.55
30% Ni 373, 413 
Range
0.70 0.80 0.75 0.75
453 to 573 1.40 1.20 1.30 1.30
47% Ni Range 
493 to 623 1.1*
*  a f te r  Charsley and R o b in s ^ .
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CHAPTER 6 ■ ■ ■ —— ■ \
MEASUREMENTS OF FATIGUE HARDENING AND MICROSCOPIC 
OBSERVATIONS
6-1. Cyclic hardening data
Table 6-1 is a summary of cyclic hardening results fo r  d i f fe re n t  
compositions o f Cu-Ni a llo ys , as well as fo r  47% Ni of d i f fe re n t  grain 
sizes fatigued a t e ^  = ± 3.8 x 10~3. The strain rate in the tensile  
te s t  and also the grain sizes resulting from d if fe re n t  heat treatments 
are shown in the tab le . In a l l  cases, fatigue and measurements were 
carried out a t  295K.
6-2. Yield stress changes with fatigue cycles
The y ie ld  stress of fatigued specimens w il l  be referred to as flow  
stress.
Fig. 6-1 shows the flow stress values versus the number of fatigue
cycles fo r  Cu, 10%, 30% and 47% Ni a t  = ± 3.8 x 10"3.
The flow stress fo r  a l l  above compositions reach a saturation  
value. The number of cycles to the saturation value increases with 
increasing Ni content, although the 30% and 47% Ni saturate a t  approximately 
the same number of cycles. The number of cycles to saturation (N$) in 
the flow stress fo r  Cu, 10%, 30% and 47% Ni are shown in Table 6-1 . Also
presented in Fig. 6-1 are curves fo r  Cu and 10% Ni fatigued a t  = ± 1.4 x
10"3 taken from the work of Charsley and Robins^2) and Sh im m in^respectively .
At of ± 3.8 x 10“3, i t  was found that the values of the parameter
CaN “ « i ) / (« s  " aI ^ 9 on a sin9^e curve for a l l  the above a llo y  compos­
itions when plotted as a function of N/Ns and follows a re lationship of an
exponential type with an accuracy of -  2% of the form,
Y = B (1 -  e“x2)
-87-
where B * 1 .  This curve which is shown in Fig. 6-2 could be l in e a rl ize d
i  1
by p lo tting  In (1 -  Y) vs. x2, where X and Y are the normalized cycle and 
stress parameters respectively. Using a leas t squares f i t  the slope of this  
l ine (a) was determined-to be -3 .82 .
Specimens of the 10% Ni were fatigued in a range of between 
± 0.4 x 10"3 and ± 3.8 x 10”3 to saturation state of the flow stress.
For the stra in  amplitude of ± 1.4 x 10"3, the results were taken from 
the work of Sh im m in^. For amplitudes other than ± 1.4 x 10"3 and 
± 3.8 x 10~3, the saturation values have been estimated a f te r  fatiguing the 
specimens to beyond the minimum in the curve of the resistance change versus 
cycles since a t  the minimum point, PSBs were f i r s t  seen on the specimen 
surface of the 10% Ni by Shimmin^ and of the 20% Ni by Charsley and R o b in s ^ .  
This occurence has been shown by these authors to be associated approximately 
with the onset of the saturation of the flow stress. At leas t two specimens 
were tested and, in the case of = ± 0.4 x 10”3 and ± 0 .8  x 10"3, an 
average of f iv e  specimens were fatigued to d if fe re n t  numbers of cycles up to 
-  1 x 106 cycles before the tensile  te s t .
A curve of the saturation stress (c ) versus Ae fo r  the 10% Ni iss p
shown in Fig. 6 -3 . The p lastic  s tra in  amplitude a t  saturation was calculated  
using the formula given in Section 5 -2 .6 . The estimated number of cycles to 
saturation are 1 x 105 , 1 x 104 , 7 x 103, 2.5 x 103, 1.5 x 103, 800 and 230 
fo r  the respective to ta l stra in  amplitudes of ± 0.4 x 10“3, ± 0 .8  x 10”3,
± 1 x 10"3, ± 1.4 x 10“3, ± 1.9 x 10”3, ± 2.5 x lO"*3 and ± 3.8 x 10“3,
The flow stress values versus fatigue cycles fo r  the 47% Ni with  
grain sizes of 15, 25, 50 and lOO^ m fatigued a t  = ± 3.8 x 10“3 are 
shown in Fig. 6-4 . Although the flow stress fo r  a l l  grain sizes reaches 
a saturation value, within the experimental accuracy there are small
differences in the number of cycles tp saturation. For a given number 
of cycles, the values of flow stress and the saturation stress 
increase with decreasing grain s ize, except for the grain sizes of 
50 and lOOym which appear to cross in the region of saturation, but 
the difference in the saturation value is small and makes th is  resu lt  
uncertain.
6-3. Microscopic observations
The aim of these observations was to examine the effects  of varying 
the stra in  amplitude and Ni concentration on the formation of PSB$, 
using optical and scanning electron microscopy. The optical microscopy 
w ill  be considered f i r s t .  Throughout this section, the tota l strain  
amplitudes of ± 1.4 x 10"3and ± 3.8 x 10"3 w il l  be referred to as the 
low and high amplitudes respectively.- -
The development and growth of PSBg as observed on the surface of 
the 5%o Ni specimens, fatigued a t  d if fe re n t  number of cycles a t  the low 
and the high amplitudes, are shown in Plates 6-1 to 6-3 and Plates 6-4 
to 6-7 respectively.
An attempt has been made to compare the present optical micrographs 
fo r  the 5% Ni with one fo r Polycrystal 1ine Cu fatigued a t  = ± 1.3 x 10“ 3 
to -  4 x TO4 cycles obtained by W h i t e ^ ^  which is shown in Plate 6-8.
In Section 5-2 (Fig. 5 -1 ) ,  i t  has been shown that fo r  a given strain  
amplitude, the fraction  of grains showing PSB$ increases with fatigue  
cycles in the 5% Ni specimens. I t  was also shown that a t  a given number 
of cycles, there is a greater number of grains containing PSB$ fo r  a 
specimen that has been fatigued a t  the high amplitude than fo r  one fatigued  
a t  the low amplitude. The results are consistent with the idea that a t  the 
low amplitude, the applied p lastic  strain can be localized in a small 
volume fraction of material while a t  the high amplitude, any stra in
-89-
loca liza tion  must be in a larger volume fraction of the m ateria l, on 
the assumption that the bands correspond to s im ilar values of local 
plastic  s tra in .
In order to study the e f fe c t  of alloying Ni with Cu on the s l ip  
lo ca liza tion  phenomenon, measurements were made of the frac tion  of grains 
in which PSB$ could be observed by optical microscopy, as a function of 
Ac , fo r  the 5% Ni a f te r  saturation. These results are shown in Fig. 6-5
r
together with s im ilar data obtained by Mughrabi and Wang^2  ^fo r  pure
Cu. The fraction  of grains showing PSB$ increases much more rap id ly  with
strain amplitude fo r  pure Cu compared with the 5% Ni but this may be due 
in part to d if fe re n t  values of the Z|Sp| a t  which the measurements were 
made.
In fatigued Cu (Plate 6 -8 ) ,  PSBs are coarse, d is t in c t  and widely 
spaced, extending in most cases across the entire  grain and covering a 
large area of the grain surface. The bands are regularly  spaced within  
one grain. S lip  bands on a secondary system are c learly  shown in one 
grain.
In fatigued 5% Ni, PSBs are s im ilar in character to those observed 
in Cu, e .g. see Plates 6-2 and 6-3 , but they are not so regularly  spaced 
and probably not so coarse. Although there is no evidence o f the secondary 
s lip  bands from optical micrographs of this a l lo y ,  they have been
observed a t the high strain  amplitude using the SEM.
As cycling proceeds, existing bands in a grain become more coarse 
and new bands appear between them, e .g . compare Plate 6-1 a f te r  3 x 103 
cycles with Plate 6-3 a f te r  2 x 10  ^ cycles for the low amplitude fa tig u e .  
Sim ilar behaviour can also be seen in some of the micrographs produced by 
Shimmin^ fo r  10% Ni fatigued a t the low amplitude. For a stra in  
amplitude of ± 1.3 x 10“ 3, the s lip  band separations have been measured
on the micrograph of fatigued Cu a f te r  -  4 x 101* cycles (Plate 6 -8 ).
I t  is found that the average separation in the grains, varies from 
-  4ym to -  19ym. The overall mean value on the micrograph is 11ym ± 2ym. 
Sim ilar measurements were also carried out on the micrographs of fatigued  
5% and 10% Ni specimens a f te r  -  1 x 101* cycles, using a strain amplitude 
of ± 1 .4  x 1 0 " 3. The mean values as measured from each micrograph are 
8.9ym ± 0.5ym and 7.6ym ± 0.7ym fo r  the 5% and the 10% Ni respectively. 
Shimmin^ examined an area of 0.16mm2 on the surfaces of the 10% and the 
30% Ni specimens and found that a f te r  a .s im ila r  number of fatigue cycles 
a t the low amplitude, the number of s lip  bands was higher in the 30% Ni, 
which suggests that the s lip  bands are more closely spaced in the la t te r  
a llo y  than in the 10% Ni.
During fatigue a t the high amplitude of the 5% Ni, s lip  bands on the 
specimen surface are thinner and more closely spaced than those on 
specimens cycled a t the low amplitude, as shown in Plate 6-4 (grain A) 
and Plate 6-5 which was taken a t  a higher magnification. This corresponds 
to the rapid hardening stage a f te r  100 cycles. The question whether or not 
the s lip  bands in grain A, which are not distributed uniformly, are in 
fa c t  PSBs, remains to be answered, as they are formed in the early stage 
of fa tigu e . However, the local strain amplitude is presumably larger  
than in the rest of the grains so that ' lo c a l ly 1 saturation may have been 
reached. On further cycling in the saturation region ( fo r  the specimen as 
a whole) a t  the high amplitude, these bands become more intense, e .g.
Plate 6-6 a f te r  500 cycles and Plate 6-7 a f te r  1 x 103 cycles. In a few 
cases the s lip  bands spread into an adjacent grain, an example of which 
is shown in Plate 6-5.
In order to examine in greater d e ta i l , the surface features of the 
individual grains, scanning electron microscopy was used. The surfaces 
of specimens of the 5% Ni fatigued a t the low and the high amplitudes
as well as of the 30% Ni fatigued a t  the high amplitude were studied by 
this technique. Typical micrographs are shown in Plates 6-9 to 6-19.
The specimens were fatigued to a number of cycles corresponding to the 
onset of saturation of the flow stress and in addition, fo r  the 30% Ni to 
a stage beyond th is  number of cycles.
The inhomogeneous deformation is shown c learly  in Plate 6-9 for the 
5% Ni fatigued a t  the low amplitude to -  2.5 x 103 cycles, where the 
deformation bands have developed p re fe re n tia l ly  in only a few of the grains. 
Similar examples are given in Plates 6-11 and 6-12 for th is  a llo y  fatigued  
at the high amplitude to -  250 cycles. In Plate 6-11, some grains show 
l i t t l e  or no deformation whereas others show a nearly uniform d is tr ibu tion  
of PSB$ as in Plate 6-12.
The PSBs shown in Plates 6-9 and 6-10, fo r  the 5% Ni fatigued to 
-  2.5 x 103 cycles, a t  the low amplitude, are very s im ilar to those in 
Cu described e a r l ie r .  A rare example of the spreading of PSB$ to an 
adjacent grain is shown in Plates 6-10 and 6-13 for the low and the high 
amplitudes respectively.
In some grains of the 5% Ni specimens fatigued a t  the high amplitude 
to -  300 cycles, many short s lip  bands on a secondary system were observed 
between the d is t in c t  and regularly  spaced PSBs. Examples of this are 
shown in Plates 6-13 and 6-14. The surface appearance of these micrographs 
are d if fe re n t  than that shown in Plate 6-12.
The s lip  bands are less d is t in c t ,  more irregu la r  and more closely
spaced in fatigued 30% Ni than in the 5% N i, fo r  specimens fatigued  
a t the higher strain amplitude, as can be judged from the micrographs 
6-15 and 6-17 a f te r  -  600 and 1 x 103 cycles respectively. In addition,
the s lip  in the 30% Ni specimens, exhibits a planar character, whereas in
the 5% Ni, the s lip  is of a more wavy character, i . e .  more l ik e  that  
observed in Cu, examples are Plate 6-12 and grain B in Plate 6-14.
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Extrusions and intrusions were observed on the surface of the 30% Ni, 
as indicated by E and I respectively, on Plates 6-16 and 6-18. These 
micrographs were taken a t  a higher magnification of areas D and F as 
shown in Plates 6-15 and 6-17 respectively. Probable s ites  fo r  crack
in i t ia t io n  were observed in grain boundaries and PSB$ as indicated by C
in Plate 6-5 fo r  the 5% Ni and Plate 6-19 for the 30% Ni which was taken 
a t a higher magnification of area H on Plate 6-17.
Too few observations were made on the 30% Ni to enable detailed  
studies to be made on the effects of grain boundaries and the number of 
cycles on the s lip  bands d is tr ib u tio n . Perhaps the most s ig n if ic a n t  
conclusion is the decrease in the separation of the s lip  bands and the 
change of s l ip  character from wavy to planar with increasing Ni content.
These w i l l  be considered in Section 7B-4.
-93-
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Plate 6-1. An op t ica l  micrograph o f  5% Ni,  a f t e r  
3 x 103 cycles a t  e, = ± 1.4 x 10"3. Grain size 
- 65pm.
Plate 6-2. An op t ica l  micrograph o f  5% Ni - same
area as Plate 6-1, a f t e r  1 x 104 cycles a t
et  = ± 1.4 x 10‘ 3.
Plate 6-3. An op t ica l  micrograph o f  5% Ni - same 
area as Plate 6-1, a f t e r  2 x 104 cycles a t  
e. = ± 1.4 x IQ "3.
Plate 6-4. An op t ica l  micrograph o f  5t  Ni,  a f t e r
100 cycles a t  = ± 3.8 x 10"3.
Plate 6-5. An op t ica l  micrograph of the grain A as 
ind icated on Plate 6-4.
Plate 6-6. An op t ica l  micrograph o f  5% Ni - same
area as Plate 6-4, a f t e r  500 'cycles a t  = ± 3.8
-102-
Plate 6-7. An op t ica l  micrograph o f  5I  Ni - same area^ 
as Plate 6-4, a f te r  1 x 103 cycles a t  et  = ± 3.8 x 10“ .
Plate 6-8. An op t ica l  micrograph o f  Pure Cu, a f te r
4 x 101* cycles a t  e. = ± 1.3 x 10“ 3. Grain size = 120ym.
A f te r  White (118).
-103-
Plate 6-9. A scanning e lect ron micrograph 
o f  5% Ni,  a f t e r  2.5 x 103 cycles a t  
e. = ± 1.4 x 10- 3 ; t i l t  angle 27°.
Plate 6-10. A scanning e lect ron micrograph
of  5% Ni, a f t e r  2.5 x 103 cycles a t
Cj. = ± 1.4 x 10"3; t i l t  angle 45°.
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Plate 6-11. A scanning e lec t ron micrograpn 
of 5% Ni, a f t e r  250 cycles a t  e. = ± 3.8 x 
10 " 3; t i l t  angle 27°.
Plate 6-12. A scanning e lect ron micrograph
o f  5% Ni, a f t e r  250 cycles a t  e. = ± 3.8 x
10-3 ; t i l t  angle 27°.
-105-
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Plate 6-13. A scanning elect ron micrograph 
o f  5% Ni, a f t e r  300 cycles a t  e. = ± 3.8 x 
10 " 3; t i l t  angle 45°.
Plate 6-14. A scanning electron micrograph
of 57o Ni,  a f t e r  300 cycles a t  e. = ± 3.8 x
1 0 '3; t i l t  angle 45°. 1
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Plate 6-15. A scanning e lect ron micrograph 
o f  30% Mi, a f t e r  600 cycles a t  e, = ± 3.8 x 
10"3, Grain size - 50ym; t i l t  angle 45°.
Plate 6-16. A scanning e lect ron micrograph
of the area D as ind icated on Plate 6-15;
t i l t  angle 45°.
Plate 6-17. A scanning e lec t ron micrograph 
o f  30% Ni,  a f t e r  1 x 103 cycles a t  e. =±  
3.8 x 10“ 3- Grain size -  50ym; t i l t  angle 
45°.
Plate 6-18. A scanning electron micrograph
of the area F as ind icated on Plate 6-17;
t i l t  angle 35°.
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Plate 6-19. A scanning elect ron micrograph 
o f  the area H as ind icated on Plate 6-17; 
t i l t  angle 35°.
CHAPTER 7
' DISCUSSION
Introduction
Since the experimental results are presented in two Chapters, 
i t  has seemed preferable to discuss the changes of the physical and 
mechanical behaviour separately, as Parts 7A and 7B respectively. Since 
these changes are sensitive to several experimental variables, for  
example, Ni concentration, stra in  amplitude, grain size and tes t  
temperature; the results are compared with published data of a s im ilar  
nature on rod and fo i l  specimens in terms of each variable. In many 
cases Cu has been used as a basis of comparison with other alloys and 
fo r  this case the relationship between changes in hardening and changes 
in the re s is t iv i ty  has been considered.
PART A -  MECHANISMS OF ELECTRICAL RESISTANCE CHANGES
7A-1. Alloys with low Ni concentration
There is considerable evidence fo r  the clustering of Ni atoms 
in Cu-Ni a llo ys , with Ni concentration * 30%, but there is less evidence 
in the case of lower compositions. I t  was only recently that Vrigen 
and R a d e laar^ ^  used neutron d iffra c t io n  experiments to observe a strong 
tendency to atomic clustering in a 20% Ni a llo y . Results from para­
magnetic suscep tib il ity  measurements in d ilu te  Cu-Ni alloys are co n fl ic t i i  
but magnetic measurements are probably less sensitive to clustering than 
are r e s is t iv i ty  measurements.
Observations of dislocation climb sources in Cu-Ni a lloys,  
containing between 1% and 20% Ni by Barlow and L e f fe r s ^ ^  o f fe r  some 
ind irec t evidence of Ni clustering in a l l  of these a lloys, p a rt ic u la r ly  
fo r  compositions greater than 5% N i . E lectrica l r e s is t iv i ty  measurements 
are probably the most re liab le  in d irec t  evidence of c luster formation in
the d ilu te  a lloys. According to R o s s i te r ^  and Charsley and Shimmin^  
(Section 2 -7 ) ,  in these alloys clustering increases the r e s is t iv i ty .
Charsley and R o b in s ^  observed a decrease in the value of the 
resistance change versus fatigue cycles for a 20% Ni both a t  295K and 93K,
- 3with £ £ = ± 1 . 4 x 1 0  . For the room temperature fa tigue, the resistance
change was found to pass through a minimum value and subsequently increase 
before the formation of cracks. The overall change does not become 
positive . A very s im ilar  behaviour was found fo r  a 10% Ni during 
fatigue at 295K and 78K by Charsley and S h im m in ^ , except that the number 
of cycles to the minimum is smaller in the 10% Ni and the depth of the 
minimum is greater.
I t  was s u g g e s t e d ^ t h a t  in these a lloys, clusters of Ni atoms 
form during the furnace cooling of specimens from 973K and the decrease 
in the resistance was attributed to the break-up of these clusters by 
dislocation motion. The increase in the resistance was related to the 
formation of PSBs and the production of point defects within the bands.
In Figure 5-1 , the 5% N i , exhibits s im ilar behaviour to the 10% Ni 
and the 20% Ni a lloys. In the l ig h t  o f the above in terpre ta tion , the 
formation of Ni clusters is assumed to occur in 5% N i, and the break-up 
of the clusters is assumed to be the mechanism responsible fo r  the 
resistance decrease during fa tigue. I t  w i l l  be seen that this assumption 
appears to be reasonable in the l ig h t  of the subsequent discussion.
7A-1.1. The estimation of defect and solute rearrangement contributions  
to the to ta l re s is t iv i ty  changes of fatigued 5% and 10% Ni a l lo y s .
I t  was assumed by Shimmin^ that the difference between the two 
curves in Figure 5-2, fo r  pure Cu, arises from the annealing out of point  
defects during the tes t a t 295K. On the assumption that in 5% Ni ordering 
occuring during a tes t a t  295K may be rapidly disordered by subsequent 
dislocation movement, the difference between the two tests of curves fo r
this a lloy  in Figure 5-2, may be a ttr ibu ted  to the larger number of 
point defects which are retained during fatigue a t  the lower temperature, 
providing tha t fatigue a t  78K and 295K produces approximately the same 
dislocation density and solute rearrangement fo r the two cases.
Shimmin^ and P o la k ^ ^  estimated a concentration of -  1 x 10"k 
fo r  Tnonovacancies to be retained in fatigued Cu at 78K. The same 
concentration was also suggested by Mughrabi and W ang^^. The difference  
in A R /R  at the minima fo r the two curves of the 5% Ni fatigued a t 295K and 
78K measured a t  78K’is = 0.3%. The difference fo r  the 10% Ni obtained by 
Charsley and Shimmin^ fatigued under s im ilar conditions is = 0.2%. Using 
the re s is t iv i ty  values a t  78K fo r these alloys given in Table 5-1 , the values 
of the differences in r e s is t iv i ty  would be 0.21 and 0.226 nftm for the 5% 
and the 10% Ni respectively.
As shown in Section 5-2.5 and pointed out by Charsley and S him m in^,  
point defects are inmobile in fatigued 10% Ni at 78K, as in pure Cu. I t  is
concluded that they are immobile in the 5% Ni a t  this temperature.
I f  the measured r e s is t iv i ty  differences are due only to monovacancies 
introduced as a resu lt of fatigue and retained at 78K, then using the 
re s is t iv i ty  value for monovacancies in Cu given by Simmon and B a l l u f f i ^ ^  
of 1.5 x 10"8 ftm per at.%, a concentration of 1.4 x 10_I+ and 1.5 x 10_1+ is 
calculated fo r the 5% and the 10% Ni respectively. However, the actual 
concentration may be higher, since not a l l  of the point defects w i l l  be
annealed out during fatigue a t  295K as can be seen from the recovery
experiments in Figure 5-7. In comparison with the estimated concentration 
in Cu? the above argument suggests that fatigue a t  d i f fe re n t  temperatures 
may produce d if fe re n t  types of point defect; or perhaps s im ilar types of  
defect may be produced, but a t least one type w i l l  be annealed out a t  
295K during the test and cannot be detected.
I t  is therefore suggested that vacancies and in te r s t i t ia ls  are 
formed during fatigue a t  78K and that only vacancies w i l l  remain a f te r
room temperature fa t ig u e ? since in te r s t i t ia ls  w i l l  be annealed out due 
to th e ir  greater m ob ility . Charsley and Shimmin^ also supposed that 
defects of these types are produced in fatigued 10% Ni a t 78K from the 
results of annealing experiments between 78K and 295K.
According to Charsley and R o b in s ^ ,  the tota l r e s is t iv i ty  change
Ap^ resulting from fatigue deformation may be written as:-
a T . D . . P A A SAp = Ap + Ap +  Ap
where D, P and S re fe r  to the contributions from dislocations, point defects
and solute rearrangement respectively. In order to estimate the values of
each term on the r ig h t hand side of the above equation, the following  
assumptions w i l l  be made:-
( i )  At the minimum of A R /R  versus N , the dislocation density for  
room temperature fatigue of the 5% and 10% Ni is the same
as in Cu fatigued up to the saturation of flow stress. This
assumption is based on the fa c t  that the tota l hardening
(as  ^a j)  is approximately the same for Cu and the 10% N i.
( i i )  At the minimum, the dislocation density a f te r  fatigue a t  78K 
and 295K is the same ( i t  is probable that there w i l l  be some 
difference but i ts  e f fe c t  on Ap^ " is assumed to be n eg lig ib le ) ,  
( i i i )  For both a lloys, the densities of point defects are the same 
a f te r  fatigue a t  78K, whereas a t  295K there is a higher 
density retained in the 10% Ni compared with the 5% N i. This 
is based on the reasonable assumption that with increasing Ni 
content, point defects are more l ik e ly  to be retained a f te r  
fatigue a t  295K.
( iv )  For a given a llo y , the contribution to the re s is t iv i ty  change 
at the measurement temperature of 78K from solute rearrangement, 
is independent of the fatigue temperature. This is based on the 
proposal by Charsley and Shimmirt^ that the minimum of the 
a R /R  versus N curve, is a region of minimum order, and on the
assumption that reasonably s im ilar  deformation occurs a t  the 
two temperatures, as suggested for Cu by P o la k ^ ^  and Basinski
The tota l r e s is t iv i ty  changes for the 5% and the 10% Ni a f te r  
fatigue a t  295K and 78K can be written as fo llow s:-
corresponding values a t  78K. The superscripts D, V, S and V,In re fer to 
dislocations, monovacancies, solute rearrangements and monovacancies and 
monointerstitia ls  respectively.
As w i l l  be found in Section 7B-1, the dislocation density of 
fatigued Cu a t the saturation of the flow stress is -  4.5 x 10lllm“2 .
Using the r e s is t iv i ty  per un it dislocation density in Cu of 1.6 x 10~25flm3 
reported by Rider and Foxon^ a t 78K and 2 x lC f25ftm3 at 295K as suggested 
in Section 2 -2 .1 , the contributions due to Ap^g and Apggg would be -  0.072 
and -  0.09 nftm respectively. By introducing these values in equations (1) 
to (4) and using the measured values fo r  Ap  ^ of -0 .96 , -0 .735, -0 .42 and 
-0.225 nftm respectively, the equations become: -
O )
(2 )
( 3 )
/ ,  T , A D a V,In , A S
 ^ p5^78 ~ p78 p78 p5 (4 )
where ( ap{ o) 2955 ^Ap5^295 are r e s is t iv i ty  changes fo r  the 10%
and the 5% Ni respectively fatigued a t  295K and (Ap^q) yg, (Ap^)yg are the
- 1 *05 A^pl 0^295 + Ap10 ( 5 )
- 0 . 8 0 7  =  A p y g I n  +  A p S Q ( 6 )
-0.51 = (Ap^)295 *  Ap5
-0.297 = (A p ^ In ) + APg (8)
In order to solve equations (5) to (8) with 5 unknowns, i t  seems 
plausible to assume th a t the total recovery of 0.08% in the resistance 
change for the 5% Ni in Figure 5-7 , represents the contribution due to 
monovacancies annealing out during ageing a t  295K, i . e .  (A p ^ g g .  This 
would require a re s is t iv i ty  decrease of = 0.07 nftm. By substituting  
this value in equation (7 ) ,  then,
Apg -  -0 .58 nftm , Ap78In ~ 0,28 n^m
S ' V
Ap10 ~ " I - 09 nQm anc* ( Api o )295  ~ ° * ° 4  nfim
According to assumption ( i i i ) ,  i t  is unlikely  that ( Ap^) (Ap^q)
29b 295
The assumed value fo r  (A p ^ g g  maY be over estimated and may contain a 
s ig n if ica n t contribution due to the formation of Ni clusters when vacancies
anneal out; the actual value is probably comparable or smaller than
V S S(Ap-Jo) 29 5  8n o tber hand the larger value of Ap^ ~ twice than Ap^
may be related to the presence of larger number of clusters in the annealed
10% Ni than the 5% Ni or to a larger contribution per c luster to the value
of Ap"1" .
I t  may not be unreasonable to assume that the V,In defects have a
s
(33)
s im ilar e f fe c t  on Ap"5'" as the Frenkel pairs defect and can be treated a
such; a s im ilar assumption was also considered in fatigued Cu by Polak 
f 311and Fisher e t aU  ‘ . Using the values of 1.5 x 10" 8 ftm per at.% fo r  
monovacancies in Cu and 2.5 x 10~ 8 ftm per at.% fo r  Frenkel pairs in Cu 
given by W o lle n b e rg e r^ ^  and suggested in Section 2-2 .2  the concentration 
of these defects would be = 2.7 x 10“ 5 and = 11 x 10" 5 respectively. The 
former value is < 1 x TO”4 as estimated for Cu by Shimmin^ and P o la k ^ ^ .
This may indicate however * that a larger number of vacancies are 
annealed out during fatigue a t 295K. The concentration o f -  11 x 10"5 
on the other hand is not very d if fe re n t from the value suggested by 
Shimmin^ fo r  Cu of = 7 x 10“ 5 a f te r  fatigue a t 78K. I t  is also 
noticeable tha t the two relevant curves in Figure 5-2 , fo r  the 5% Ni 
show a greater difference in AR/R with increasing cycles. This could 
be due to an increase in the point defect concentration retained during 
fatigue a t 78K. The corresponding curves fo r  Cu in the figure behave 
s im ila r ly .
I t  has been previously shown^9^  that point defects in fatigued 
10% Ni are mobile a t room temperature a f te r  fatigue a t  this temperature, 
and that th e ir  motion can enhance clustering. This e f fe c t  is also found 
to occur in the 5% and 20% Ni a lloys, as shown in Figure 5-7 , of the 
recovery of the resistance changes during ageing of specimens fatigued  
a t  295K.
In this f ig ure , the lower value of the resistance increase fo r  the 
5% than the 10% Ni a f te r  ageing for several days, may be related to a 
lower degree of re-ordering in the former a llo y , which would be caused in 
part by a lower concentration of point defects retained a f te r  fa t igu e .  
Since point defects are immobile in the fatigued 30% Ni a t 295K (Section 
5 -2 .5 ) ,  i t  is expected that they w i l l  be less mobile in the 20% Ni a t  that 
temperature, than in the lower composition alloys. Therefore, the ir  
concentration w i l l  be somewhat higher in the 20% Ni (also partly  due to 
the larger number of cycles required to the minimum of AR/R as shown in 
Figure 7A -1 .), and as a resu lt  of ageing, the degree of re-ordering may 
be smaller than the 10% N i . A1ternatively, clustering may have a 
d if fe re n t  e f fe c t  on the r e s is t iv i ty  changes, depending on the composition. 
The la t t e r  e f fe c t  has been discussed by R o s s i te r ^  and w i l l  be considered 
in Section 7A-4. Unfortunately, ageing of the 20% Ni specimen did not
continue fo r  long enough periods of time to see whether the r e s is t iv i ty  
increase at 295K might eventually exceed the value fo r  the 10% Ni. I t  
may be reasonably assumed that the measured recovery values of 0.07 and 
0.32 nQm in the 5% and the 10% Ni alloys respectively, is mainly due to
clustering, i . e .  the d irec t contribution to the r e s is t iv i ty  of point
defects is neg lig ib le . Then using the magnitude of the estimated values
S Sfor Apg and Ap-jg respectively, the e f fe c t  of re-ordering is = 12% and 
* 30% of the disordering during fa tigue, fo r the 5% and the 10% Ni specimens 
respectively.
7A-1.2. The variation of AR/R with the number of fatigue cycles
I f  the values of AR/R versus N for alloys with 5%, 10% and 20% Ni
fatigued a t  e^ . = ± 1.4 x 10"3, are plotted on l in e a r  scales as shown in
Figure 7A-1, the 'minimum' is seen to be an extended region over which 
the maximum variation in AR/R is < 5% of-the tota l change fo r  a given a llo y .  
The number of cycles over which AR/R has values within ± 5% of the minimum 
are greater than the numbers of cycles over which the resistance i n i t i a l l y  
decreases to the minimum, by approximately 5, 3 and 4 times fo r the 5%,
10% and the 20% Ni, respectively.
I f  i t  is accepted that Ni clusters are reduced in size during the 
early stages of fatigue and that this process is accompanied by an 
increasing density of dislocations and point defects, i t  is necessary to 
understand why a minimum is formed.
For a l l  of the above alloys PSBs f i r s t  form approximately a t  the 
beginning of the minimum region and to be associated with stress saturation  
as in Cu (Section 3 -2 ) .  At this stage, the dislocation density is assumed 
to have reached a saturation value (as suggested fo r  example by Essmann 
and M u g h ra b i^ ^  according to the model proposed by M ughrab i^^ as 
described in Section 3-3 and shown in Figure 3 -3 ).  For a l l  compositions up 
to 20% N i , the number of PSBs was found to increase with fatigue cycles
a s in C u ,  t 3>6 >12 >.
According to a model proposed by €harsley and S h im m in ^ , i t  is 
assumed that the PSBs are regions of minimum order and sources of point 
defects. Thus the PSBs can give rise to re-ordering through vacancy 
diffusion in th e ir  immediate neighbourhood, causing the r e s is t iv i ty  
to increase. Their model assumes that the point defect concentration 
remains a t  a steady state value within the PSBs.
/
I t  is suggested here that the minimum is a region where d i f fe re n t  
mechanisms operate having opposite effects on the r e s is t iv i ty  change.
These are, a fu rther  reduction in the cluster size caused probably by s lip
associated with newly created PSBs, ordering in regions near the PSBs 
(th is  e f fe c t  depends on the number of PSBs) and increasing numbers of 
defects within the bands respectively. I t  is possible to assume tha t the 
order-disorder processes occur simultaneously.
At the end of the minimum region, i t  can be assumed th a t  the 
mechanism causing the resistance decrease ceases to operate, and the 
resistance begins to increase, probably due to the re-establishment of 
Ni clusters in the manner proposed by Charsley and Shim m in^ and to 
increasing numbers of point defects. A lte rn a tive ly , the rate  of disordering 
may be reduced and the mechanisms causing the r e s is t iv i ty  to increase 
predominate.
I t  is of in te re s t to note that the magnitude of the r e s is t iv i t y  increase
beyond the minimum and before cracking occurs is -  45% of the i n i t i a l
r e s is t iv i ty  change. This is approximately the same value as the increase 
in r e s is t iv i ty  fo r  pure Cu a f te r  stress saturation^ ^ . This is  d i f f i c u l t  
to explain since the r e s is t iv i ty  mechanisms are very d i f fe re n t  fo r  the 
alloys compared with pure Cu.
7A-1.3 . The re s is t iv i ty  changes caused by annealing a f te r  fa tigue
In F igure  5 -9 ,  the r e s i s t i v i t y  decrease  o f  -  0.025 nftm a t  = 200K
fo r the 5% Ni a f te r  fatigue a t  78K is probably related to the annealing
out of in t e r s t i t ia l  defects. A r e s is t iv i ty  decrease of -  0.068 nftm
a t « 230K, in the 10% Ni was observed by Charsley and Shimmin^ and
attributed by them to the annealing out of in t e r s t i t ia ls .  I t  was assumed
that this point defect annealing does not cause c lustering, since the n e tt
e f fe c t  is a r e s is t iv i ty  decrease. The d if fe re n t  annealing rate fo r  th e ir
specimens is thought not to a ffe c t  the results s ig n if ic a n t ly ,  since th e ir
curve was reasonably reproducible with annealing rate as shown in
“ 8
Figure 4-4 . Assuming th a t the value of 1.4 x 10 ftm per at.% given by 
B l a t t ^ )  for the r e s is t iv i ty  due to in te r s t i t ia ls  in Cu is approximate, 
then concentrations o f -  1.8 x 10“5 and 4 .8  x 10“5 would have to be
assumed for the 5% and the 10% Ni respectively.
Measurements of the re s is t iv i ty  change a f te r  the electron ir ra d ia t io n  
of Cu-Ni a lloys, by Poerschke and VJollenberger^^ have suggested that  
the annealing out of point defects up -to -  200K can be a ttr ibu ted  to in te r ­
s t i t i a l  migration, since thermally activated vacancy migration is unlike ly  
below this temperature. Their results also indicate that the temperatures 
at which point defects anneal out increase with Ni composition. From the
curves of the 20% and the 30% Ni in Figure 5-9, i t  is concluded that no
point defects are annealed out below - 250K. In these a lloys, i f  the same 
type and number of point defects are produced as in the 5% and the 10% Ni, 
then the resistance changes above -  250K are probably caused by annealing 
out of one, or more than one type of point defect and th e ir  m obility may 
cause clustering.
I t  has been suggested^ that monovacancies produced during the 
fatigue of Cu, become mobile a t  -  240K. Based on this assumption, the 
measured change in the resistance of -  0.10 nfim for Cu in the range of 
240K -  375K, can be related to the annealing out of a vacancy concentration 
of -  6.7 x 10"5, w h ils t the change of -  0.15 n^ m in the range of 78K - 240K 
may be due to the migration of in te r s t i t ia ls  with a concentration of
-  10.7 x 10‘ 5 . This assumes that there is no contribution from d i -  
vacancies.
The isochronal annealing curves fo r  the 5% Ni in Figure 5-10, 
are s im ilar in many respects to those fo r  the 10% and the 20% Ni 
obtained by Charsley and Shimmin^ and Charsley and R o b in s ^  under 
sim ilar fatigue conditions. I t  is reasonable to suppose tha t s im ilar  
mechanisms are responsible fo r  the resistance changes with increasing 
temperature. On this basis, the resistance increase to the maximum can 
be related to the enhancement of clustering through the migration of 
fatigue induced vacancies. The decrease a fte r  this point occurs in the 
temperature range fo r  the annealing out of dislocation loops in Cu 
reported by Charsley and R o b in s ^ ) .  The to ta l values of the decreases 
up to * 775K are approximately 0.31 and 0.40 nnm fo r  alloys with 5% and 
10% Ni respectively. These values are higher by -  3.5 and 4 .5  times than 
the value of -  0.09 n^ m expected for the annealing out of a dislocation  
density of -  4.5 x 10lif n r2 in pure Cu, as w il l  be shown in Section 
7B-1. However there is no evidence to suggest that the r e s is t iv i ty  due 
to dislocations in these alloys is increased by such large fac to rs , i . e .
3 to 4 times, compared with pure Cu. I t  is therefore concluded that  
part of the decrease must be due to some other e ffe c t;  this could be the 
resolution of the c lusters, as has been previously suggested^  fo r  the 
20% Ni.
The present in terpretation of the resistance increase up to the 
maxima in Figure 5-10, suggests that a t temperatures as high as -  500K, 
some monovacancies are s t i l l  immobile. A possible explanation is the 
presence of isolated vacancies or small vacancy clusters or vacancies which 
are bound to individual Ni atoms, or clusters of Ni atoms in fatigued  
specimens. Isolated vacancies, with a binding energy of  ^ O.leV to Cu 
atoms have been suggested by Royen et a l ^ ^  and Yamamoto e t  a l ^ ^ ,  which
would be mobile a t  = 295K. Their motion may cause some clustering and 
they might anneal out or be trapped a t small c lusters. Monovacancies 
which are bound to Ni atoms or clusters may become mobile a t  higher 
temperatures presumably due to a higher value of binding energy (Section 
2 -5 ) ,  causing more clustering. The binding energy in the la t t e r  case 
would be expected to have an important e f fec t  on the migration energies 
of point defects.
The values of the activation energies fo r point defect migration 
which have been derived are given in Table 5-3. These show two ranges 
of values corresponding to d if fe re n t  annealing temperatures. The 
lower average values (0.55 -  0.75)eV occur in the lower temperature 
ranges where state I I I  usually occurs in p las t ic a l ly  deformed Cu and Ni 
(Section 2 -4 .2 ) .  The higher average values (1 .1 -1 .50 )eV , are derived 
from higher annealing temperature ranges. Since the average of the lower 
values is close to the activation energy for di-vacancy migration in Cu 
and Ni (Section 2 -5 ) ,  i t  is possible to a ttr ib u te  the measured values in 
Cu-Ni alloys to this type of point defect. This is plausible, i f  i t  is  
assumed that in the ranges of measurement monovacancies are mobile and 
form divacancies which can then migrate a t  lower energy. A s im ilar  
proposal was also given by Dlubek e t a l ^ ^  fo r the annealing of  
p la s t ic a l ly  deformed pure N i .
The next point which has to be considered is the decrease in the 
average value of the migration energy with increasing Ni concentration 
fo r  the range of the higher average values. This can be related to the 
migration of monovacancies. Unfortunately, no comparable value was 
obtained fo r  the 20% Ni. However, this behaviour may not be explained in 
terms of d i f fe re n t  annealing techniques used as described in Section 4 -7 ,  
since the average value (1.30eV) for the 30% Ni is higher when compared 
to that fo r  the 47% Ni ( l . le V )  obtained by Charsley and R o b in s ^  using 
a s im ilar annealing method. The behaviour may be explained in terms of
paramagnetic and ferromagnetic effects as proposed by Demangeat^23^.
D
This author has calculated the impurity-vacancy binding energy (E j.y )  
in para and ferromagnetic Ni-Co and Ni-Fe a lloys, using a theory which 
depends on the electronic  band structure. For both cases, the paramagnetic
D
alloys show a higher value of E j_ y  In support of th is ,  and by re ferr ing  
to some other work, Dlubek et a l ^ ^  pointed out that the e f fe c t  of 
ferromagnetic ordering results in a lowering of the migration energy 
of the monovacancies.
I f  the value of E^y in Cu is taken to be -  0.70eV (Table 2 -2 ) ,  
then the value of 1.50eV fo r  the 10% Ni (Table 5 -3 ) ,  suggests a binding 
energy of -  0.80eV, i . e .  (1 .5 0 -0 .70)eV between monovacancies and Ni atoms 
or clusters of Ni atoms. This value is abnormally high compared with the 
value of -  0.4eV calculated by some a u th o rs ^  as mentioned in 
Section 2-5. Their in d irec t method of determination may explain the 
difference. • -
Against the above in terpre ta tion , R o s s i te r ^  has commented on the 
r e l ia b i l i t y  of using the e le c tr ic a l re s is t iv i ty  technique to measure the 
activation energies in Cu-Ni a lloys. He ju s t i f ie d  the use of this  
technique for concentrated alloys (>20% Ni) on the basis that Apa
(Section 2-7) is a reasonably lin ear function of the degree of c lustering.  
In d ilu te  Cu-Ni alloys (<20% Ni) on the other hand, the non-linear  
behaviour of Ap  ^ may render any such studies less accurate and any 
activation energies so obtained could be in error.
7A-1.4. The e f fe c t  of strain amplitude
In Figures 5-1 and 5-3, the greater to ta l decrease in AR/R 
with increasing stra in  amplitude fo r  the 5% and the 10% Ni specimens, 
is consistent with the larger p lastic  stra in  and consequently with a 
greater volume of the specimens being swept by dislocations a t  higher 
amplitudes; thus there is a more extensive cluster break-up. This is
probably mainly due to the p las tic  deformation of a larger frac tion  of 
the grains, but also partly  because of the increased p lastic  deformation 
within each grain. Beyond the minimum of AR/R versus N, the number of 
grains with PSBs and hence the total volume fraction of PSBs increases 
with stra in  amplitude fo r  a given m aterial, which is expected to cause a
larger increase in the value of AR/R. This has been shown in Figure 5-1,
for the 5% N i, and discussed in Section 6-3. Since the number of point 
defects produced per cycle increases with £p, e .g. Charsley and Shimmin^  
and Fisher e t al^ the density of these defects is expected to be 
larger a t  a higher amplitude. On the other hand, the total decrease in 
AR/R fo r  a given amplitude and number of cycles is larger fo r the 10% Ni 
than the 5% Ni except for = ± 0.4 x 10~3 where the 5% Ni shows a 
larger decrease. Considering that the p lastic  strain per cycle at a 
given number of cycles and amplitude is the same fo r  both alloys for  
> 0 .8  x 10"3, the results can be explained in terms of a larger number 
of clusters in the 10% Ni compared with the 5% N i , as suggested in
Section 7A-1.1, using a strain amplitude of ± 1.4 x 10"3. At = ±
Q T0.4 x 10 w, the contribution from cluster break-up to Ap is expected to
be reduced, because the stresses are low, and point defects in the 10% Ni
may have a greater contribution than at higher amplitudes. Moreover, the
e ffe c t  of the difference in the p lastic  strain on AR/R may be more
s ig n if ica n t at the very low amplitude. This can be related to the
smaller value of the c r i t ic a l  p lastic  stra in  amplitude needed to form
PSBs in the 5% Ni as w il l  be discussed in Section 7B-4.
In Figure 5-3 , i t  was seen that the minimum in AR/R fo r  specimens 
aged fo r  one year a t  * 600K and fatigued a t  = ± 1.4 x 10"3 was larger  
than fo r  specimens with the normal heat treatment obtained by Charsley and 
Shim m in^. This additional decrease which can be attributed to a larger  
number of clusters being broken-up in the aged specimens, corresponds to
a r e s is t iv i ty  of -  0.081 nftm or an increase in clustering of = 7.5% as a
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resu lt  of ageing, by using the magnitude of the estimated value fo r Ap3Q in 
Section 7A-1.1.
7A-2. Alloys with a high Ni concentration
Contrary to the results o f the previous section, the e le c tr ic a l  
resistance changes for alloys with 30% and 47% Ni show a steady increase 
with fatigue cycles fo r  a l l  testing amplitudes as shown in Figures 5-4 to 
5-6. This behaviour.is s im ilar to that previously reported for Cu, 30%,
47%, 51% and 76% Ni with a value of et  = ± 1.4 x n r  3( 4 ’ 5 ’ 1 2 ) . The 47%
Ni has been studied in more deta il in terms of varying strain amplitude 
and grain s ize .
I t  was mentioned in Section 2-7 , that a transition in the resistance 
change behaviour with fatigue a t  a composition between 22% and 27% Ni has 
been suggested by previous a u th o rs ^ ’ 3) .  As might be expected, isochronal 
annealing curves for fatigued 30% and 47% Ni specimens obtained by 
Charsley and co-workers^’ ^  are essentia lly  as fo r  the low Ni content alloys 
but inverted. Charsley and R o b in s^  used th e ir  proposed formula given in 
Section 7A-1.1, for  Ap"^ , and attributed = 80% of the re s is t iv i ty  change to 
break-up of the Ni clusters for the 47% Ni fatigued a t = ± 1.4 x 10"3.
The values for the r e s is t iv i ty  due to dislocations and point defects used 
by them were assumed to be the same as fo r  pure Ni. Shimmin^ followed 
th e ir  method using s im ilar  fatigue conditions and a ttr ibuted  -  65% o f the 
r e s is t iv i ty  change to cluster break-up in the 30% N i . This value was 
found to be only = 32%, i f  the re s is t iv i ty  values due to the defects in 
pure Cu were used.
In Figures 5-4 and 5-5, i t  was seen that fo r  a given grain size of 
the 30% and 47% Ni, an increase in aR/R with fatigue cycles results from 
an increase in e^. This increase in AR/R may be explained in terms of a 
larger number of clusters being cut up by dislocation motion, since the
tota l amount of dislocation motion increases with and hence with
£p, as suggested for the 47% Ni of 13 ym grain size by Robins and
C h a rs le y ^ .  From the cyclic  hardening measurements, the values of
Ae a t  saturation were calculated and found to be 4.4 x 10~3 and 4 .7 x 10"3 
P
fo r  15 ym and 25 ym grain sizes respectively for this a llo y . The 
corresponding value fo r  the 50 ym and 100 ym grain size specimens is 
* 5.5 x 1 0 '3.
The e f fe c t  of varying the grain size by a factor of -  7 in 
Figure 5-5 , does not a ffe c t  the resistance change s ig n if ic a n tly  during 
fatigue a t  = ± 3.8 x 10”3. A possible explanation is  that the rate  
of cluster break-up is independent of the grain size at the higher 
amplitudes.
Since at-e^ of ± 0 .8  x 10"3 , no resistance change was detectable 
up to 1 x 106 cycles, for the 13 ym grain size of 47% Ni a l lo y , Robins 
and C h a rs !e y ^  suggested that this stra in  is below the level of micro- 
yie ld ing (th is  level being determined by the stress required to force 
dislocations through the a lloy  in i ts  clustered s ta te ) .  When the grain 
size is increased to = 25 ym , 50 ym and 100 ym , as shown in Figure 5-6 ,  
the p las tic  s tra in  per grain is increased, for the same to ta l s tra in  
amplitude. This means that microyielding occurs and the resistance begins 
to increase. The number of cycles a t  which a resistance change was f i r s t  
detected was found to be smaller fo r  the larger grain s ize . I t  might be 
possible to use these results to improve the s e n s it iv ity  of the fa t ig u e - l i f e  
gauge, i f  measurements are required fo r  commercial use a t  low amplitudes.
No resistance change was detectable in the present work fo r grain sizes up 
to 100 ym in the 47% Ni and fo r  50 ym in the 30% Ni during fatigue up to 
1 x 106 cycles, a t = ± 0.4 x 10"3 . Thus the la t t e r  amplitude is 
assumed to be below the level of microyielding for these cases.
As a resu lt  of ageing for one year a t  -  600K, there is a decrease 
in the r e s is t iv i ty  of -  1% fo r  specimens of 30% N i , Table 5-1. The 
resistance change during fatigue is approximately that fo r  normal 
annealed specimens. I t  is possible to explain this by supposing that there 
is only a small change in the state of clustering due to ageing and since 
such a change occurs through the entire  specimen volume, there is a 
measurable r e s is t iv i ty  change. In fatigue however, the r e s is t iv i ty  change 
arises from changes in only a small fraction of the specimen volume.
The e f fe c t  of ageing on the r e s is t iv i ty  is more pronounced for the 
47% Ni, i . e .  a decrease of = 3.5%. This is not an unexpected re su lt ,  since 
the magnetic moment increases considerably on ageing for this alloy  
(Section 2 -6 .3 ) ,  due to the enhancement of Ni clusters. The fa c t  that 
the resistance change during fatigue is lower than fo r  an annealed specimen 
without further ageing was unexpected. I t  is to be expected that there is 
a larger number of clusters which may break-up during fatigue in an aged 
specimen. A possible explanation is that the degree of deformation is small 
a t = ± 1.4 x 10"3, which may leave a considerable number of unbroken 
clusters during fa tigue. This is the probable reason for the resistance 
increase beyond -  3 x 101* cycles to values above that fo r  the unaged 
specimens. Microscopic observations are required to check that this is not 
due to cracking and fatigue tests of the aged specimens, a t  higher amplitudes 
would be helpful in the in terpreta tion .
The neglig ib le  e f fe c t  of the specimen thickness on the resistance 
change of the 47% Ni (Figure 5-5) is not consistent with the results of 
Robins and C h a r s le y ^ ,  who observed a smaller rate of resistance increase 
and longer l i f e  during the fatigue of the S/N fatigue l i f e  gauge in 
comparison with 47% Ni specimens of * 120 ym thickness. The difference in 
the specimen thickness was suggested by Robins and Charsley to be a 
relevant parameter. This may suggest that the S/N gauge exhibits differences  
in behaviour, compared with the 47% N i , that cannot be a ttr ibu ted  to grain
size and thickness alone.
The lower value of the resistance change during fatigue of the
30% Ni a t  78K, as compared with room temperature fa tigue, in Figure 5-4,
is possibly due to a smaller value of p lastic  stra in  per cycle a t the lower
temperature. This could be the reason for the s im ila r ity  in behaviour,
for small values of N a t 78K with ^  = ± 1,4 x 10“ 3, to that a t room
temperature with the lower fatigue amplitude of ± 0 . 8  x 1 0 " 3.
I t  has been suggested by Grosskreutz^89) and Swann and N u tt in g ^ 2^
that the e f fe c t  o f lowering the deformation temperature has the same
e ffec t  as lowering the SFE (which implies an increase in the d i f f ic u l ty
of cross-slip) and this according to Grosskreutz^89) may partly  account
fo r  the longer l i f e  obtained during fatigue a t 78K as seen in Figure 5-4.
In Figures 5-4 and 5-5, i t  can be seen that for a given grain size
of the 30% and 47% N i , a reduction in the number of cycles to crack
in i t ia t io n  (N j) resu lt  from an increase in This is s im ilar  to that
previously reported by Robins and C h a rs le y ^  for the la t t e r  a l lo y , using
= ± 1.4 x 10“3. At this stra in  amplitude, they also observed that the
number of cycles to Nj decreases with increasing the grain size for the
47% N i , A s im ilar  behaviour can be seen in Figure 5-6, using = ± 0 .8 x l0 ”3.
According to C o f f in ^ 28) ,  that fo r a given value of p las tic  s tra in  range,
2
the number of cycles to Nr is proportional to 1 / ( A e ) , this could explain
r
the present resu lts . The e f fe c t  of increasing the grain size in Figures 
5-5 and 5-6 is s im ilar  to increasing £ p a rt ic u la r ly  at the lower amplitudes.
r
I t  was also pointed o u t ^  that below a certain grain s ize , a reduction of  
grain size decreases the number of grains in which i t  is possible to in i t i a t e  
s l ip .
In fatigued 47% Ni a t  £t  = ± 1.4 x 10~3, Robins and C h a rs le y ^  did 
not observe PSBs in specimens with 13 ym grain s ize , whereas according to 
them PSBs have been observed in specimens with a larger grain s ize . Since
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Nt is affected by e , i t  w i l l  also be affected by the grain s ize,
r
Hence, a t  a given value of e^, the p lastic  stra in  component is greater 
for the larger grain size as shown in the e a r l ie r  parts of this Section.
I t  has been suggested^ that in the larger grain size m ateria l,
cracking occurs more easily  in the PSBs than in the grain boundaries.
This may explain the shorter l i f e  obtained in the larger grain size 
material than in the smaller grain size material a t  a given value of 
as shown in Fi.gur.es 5-5 and 5-6, and Table 5-2.
7A-3. The variation of |aR/R[ with E[e 1 for Cu-Ni alloys
I t  is of in te re s t to compare the absolute values of aR/R, fo r
compositions between 0 and 47% Ni as a function of z|e  | during
fatigue a t  = ± 3.8 x 10“ 3. This is shown in Figure 5-8. Using 
log-log scales, there is no l in e a r  region for Cu, however, the curves 
for  the 30% and 47% Ni alloys each show an extensive l in e a r  region with 
an exponent of 0.70. The 10% Ni behaves in the same manner in the early
stages with an exponent of 0.60, but the lin ear  increase is not maintained
as the resistance minimum is approached.
TEM studies by C h a r s le y ^ ^  suggest a close s im ila r i ty  in the 
dislocation densities and configurations fo r  a l l  four materials.
In Cu, the increase in |AR/R| can be ascribed e n t ire ly  to dislocations  
and is therefore d ire c t ly  related to fatigue hardening. In the a lloys,  
however, i t  is suggested that dislocations contribute very l i t t l e  to the 
r e s is t iv i ty  changes as shown in Section 7A-1.1 fo r  the 5% and the 10%
Ni a lloys. In alloys however, the change in the re s is t iv i ty  is dominated 
by the solute re-arrangement.
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7A-4. The e ffe c t  of composition on the e le c tr ic a l r e s is t iv i ty  changes 
in Cu-Ni a l lo y s .
There have been several proposals in an attempt to understand the 
behaviour of the e le c tr ic a l re s is t iv i ty  in Cu-Ni a lloys; among these is  
the dependence of the re s is t iv i ty  on cluster size which has been supported 
by Rossi te r  Whether i t  is possible to c la r i fy  the s ituation further  
by using the fatigue resu lts , w i l l  be the object of the present section.
Two assumptions need to be considered:
( i )  There may be two d if fe re n t  cluster sizes present; one in
alloys with Ni concentrations s 25% and the other in alloys of 
higher Ni concentration, such that the cluster size is  
approximately independent of Ni concentration within one range 
of composition. The re s is t iv i ty  change during fatigue a t a 
given s tra in  amplitude, depends on the number of clusters that  
are broken-up. Consequently, the 20% Ni must show a higher 
value of r e s is t iv i ty  change than alloys with 5% and 10% N i, 
because of the larger number of clusters that are present.
The results in Figure 7A-1, show otherwise. Hence, this  
assumption w i l l  be ruled out.
( i i )  The cluster size increases with the Ni concentration. This is  
accompanied by an increase in the re s is t iv i ty  due to clustering  
un ti l  a c r i t ic a l  size is reached. Beyond this value the 
r e s is t iv i ty  due to clusters decreases.
I t  is reasonable to assume that the value of a -  increases with 
increasing Ni concentration which agrees with the prediction of Rossi te r  
and W e l l s ^ ^ ,  tha t a .  increases in magnitude with ageing time, suggesting 
that the cluster size may also increase. Using published data, R o s s i te r ^  
deduced a larger value.of a .  fo r  56% Ni than for 20% N i .
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The temperatures a t  which the maxima of the r e s is t iv i ty  occur 
during isochronal annealing of fatigued 5%, 10% and 20% specimens 
(Figure 5-10) together with the temperatures at which the minima 
occur for the 30% and 47% Ni specimens previously r e p o r t e d ^ a r e  
shown in Figure 7A-2. I t  is assumed that the maximum or the 
minimum temperatures fo r  a given alloy correspond to the maximum 
cluster size (the maximum size may or may not be the same as in pre­
fatigued specimens).- I t  is of in teres t to note that the temperatures a t  
which the maxima occur are lower for the larger cluster sizes for the 
alloys with compositions 5%, 10% and 20% N i . The sudden increase in the 
temperature value takes place at -  27% Ni as shown in the figure by 
extrapolation of the curve and then decreases again.
At -  27% Ni 5 i t  is assumed that the a lloy  has reached a c r i t ic a l  
cluster size and the sign of the re s is t iv i ty  contribution is changed.
This may be analogous to the suggestion made by Rossi te r  and W e l l s ^ ^ ,  
discussed by Charsley and Shimmin^ and R o s s i t e r ^ ,  that the maximum 
in the r e s is t iv i ty  occurs when the l in ea r  dimensions of the cluster  
become comparable with the conduction electron mean free path. The 
above authors indicated a c r i t ic a l  c luster size near 25% N i .
Rossi te r  and W e l ls ^ ^  also have suggested that the shape of 
clusters could be a relevant parameter in determining the r e s is t iv i ty  
behaviour. In his theoretical analysis, R o s s i te r^  concluded th a t there 
was not a drastic  change in cluster morphology with varying Ni concentration, 
from which he ruled out this e f fe c t  as a major cause for the change in  
re s is t iv i ty  behaviour in this case.
As mentioned in Section 2-7, R o s s i te r ^  explained the r e s is t iv i ty  
change in Cu-Ni alloys in terms of a combined e ffec t  of magnetic and atomic 
clustering. His proposal depends essentia lly  on the c luster size variation  
and is consistent with the present in terpreta tion .
- 1 3 0 -
However, the present in terpretation is rather ten ta t ive , and 
more detailed knowledge of c luster sizes and volume fractions are 
required before any decisive explanation can be made. Unfortunately 
such data is not ye t availab le .
zo-
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FART B - MECHANISMS OF FATIGUE HARDENING
For s im p lic ity , throughout this part of the discussion, the to ta l  
stra in  amplitudes of ± 1.4 x 10" 3 and ± 3.8 x 1CT3 w i l l  be referred to 
as the low and high amplitudes respectively.
7B-1. An estimation of the defect contributions to the total hardening 
of fatigued Cu a t  d if fe re n t  stra in  amplitudes
The relationship between the fractional change in the flow stress 
and the fractional increase in resistance for pure Cu is shown in 
Figure 7B-1. The low amplitude results are calculated from the measure­
ments of fatigue hardening by Charsley and R o b in s ^ ) .  The flow stress 
saturates a f te r  -  1 x 1 0 2 and 1 x 1 0 3 cycles for the high and the low 
amplitudes respectively. At this stage of fa t igu e , the increase in the 
r e s is t iv i ty  is -  0.55% of its  in i t ia l  value or -  0.091 nftm for both
amplitudes, as indicated by the arrows in the figure . The saturation of
flow stress is presumably associated with a saturation in the dislocation  
density and a dislocation configuration which has reached a steady state  
(see Section 7A-1.2). Johnson and Johnson^) and P o la k ^ ^  concluded that  
no point defects are present a f te r  room temperature fa tigue, and based 
on this assumption, the r e s is t iv i ty  change must be e n t ire ly  due to 
dislocations. Using the reported values fo r the r e s is t iv i ty  per un it  
dislocation density in Cu of  ^ 2 x 10" 25 m s (Section 2 -2 .1 ) ,  a
dislocation density of - 4.5 x 10ll+ m"2 is expected. This implies that
only a small difference in flow stress would be expected at saturation  
for the two stra in  amplitudes due to possible differences in the dislocation  
arrangement. The comparison in Figure 7B-1 however, shows a considerably 
higher value of the stress a t saturation of -2 3  MPa for specimens fatigued  
a t the high amplitude which could not be read ily  explained in terms of
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dislocation arrangements. I t  has been shown in Section 3-6 , that  
various experimental results confirmed the presence of point defect
clusters in fatigued Cu, and th e ir  number was found to increase with
the stra in  amplitude as shown by Piqueras e t a l ^ ^  and Gonzalez et  
a l ^ " ^  as well as by Fisher e t a l ^ ^ ,  who determined that point 
defect density produced per cycle during fatigue of Cu a t  low temperatures 
is higher fo r  the larger s tra in  amplitude. More recent measurements using 
the neutron small-angle scattering technique by Kettuen e t  a l ^ 26^s 
have shown the presence of voids -  2 nm in diameter in fatigued Cu.
In addition, e le c tr ic a l re s is t iv i ty  measurements during the fatigue of 
polycrystalline Cu by Charsley and R o b in s ^ ) ,  have also indicated  
in d ire c t ly ,  the presence of such voids or very small dislocation loops. 
Based upon these observations, the above difference in the values of  
a$ may be attributed to the presence of these clusters.
I f  the to ta l r e s is t iv i ty  changes a t  the onset of saturation are
due to contributions from point defect clusters and dislocations which
in turn depend on the ir  concentrations then,
TC?i+ BCdi -  + BC^ (a)
where y and 3 are positive constants, C and C  ^ are the concentrations
Pi U1
of point defect clusters and dislocations respectively a t  the low amplitude
and Cn r are the corresponding concentrations a t the high amplitude,
p2 ’ dg
therefore,
t Ccp2 -  V  “ e(cdi -  cd2) (b)
which requires that (L > C and C . > C, .p2 p1 d-j d2
Experimental results by Vetter and Van den B e u k e l ^ ^  and Lioyd
and K e n n y (^ )  show that in the unidirectional deformation of Cu, the
dislocation density increases with p lastic  s tra in . I t  is also known that
the density of point defects increases with the p lastic  s tra in , e .g .
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van den B e u k e l^ ^ .  On the assumption that in fatigue the densities
of dislocations and point defects increase with z|ep| which is  found to be
larger fo r  the low amplitude than fo r  the high amplitude up to the saturation  
of stress. This w i l l  not sa tis fy  the above equation (a ) .  I t  is reasonable
to assume that the density of point defects w i l l  increase with z|£p|
both up to and beyond saturation. The dislocation density on the other 
hand w il l  increase with stress. This can be s a t is fa c to r i ly  re la ted to 
equation (b) by assuming that Cp^  > Cp  ^ and that . Since there
is no d ire c t experimental evidence fo r  the re la t iv e  concentrations of 
these defects in Cu under the present fatigue conditions, i t  is  not 
clear which of the above relations is responsible fo r  the difference  
in the stress saturation of Figure 7B-1.
The re s is t iv i ty  increase a f te r  stress saturation was discussed 
recently by ATi and C h a r s le y ^ ^  and previously reported by P o la k ^ ^ .  
Polak's results have been attributed by Gonzalez e t  a l ^ ^  to the 
continuing increase of point defect c lusters. A s im ilar in te rp re ta tio n  
has also been made by Charsley and R o b in s ^ )  on the basis of studies 
of r e s is t iv i ty  changes during subsequent annealing. Piqueras e t  a l ^ ^  
and Gonzalez e t  a l ^ ^  found that the density of these clusters is 
several times higher in regions of high dislocation density than in regions 
of low density which may suggest that point defect clusters have an 
important influence on the growth (and perhaps formation) o f PSBs.
Charsley and R obins^^  reported that PSBs were f i r s t  observed a t  stress 
saturation and continued to increase in number throughout the te s t a t  the 
low amplitude. I t  is suggested here that as cycling continues, the 
number of point defect clusters increases (and hence the flow stress) within  
the orig inal PSBs, but this w i l l  be accompanied by an increase in the 
number o f PSBs. Thus deformation may continue a t  the same stress , and 
the resistance increases presumably due to the increasing number of these
- 1 3 6 -
clusters.
7B-2. Comparison of the cyclic hardening of Cu fo i ls  with results 
fo r  rod specimens.
Shimmin^ measured the mean peak stress per cycle Versus the 
number o f cycles during fatigue a t the high amplitude, fo r  rod specimens 
having a grain size of 250 ym. His results are compared in Figure 7B-2 
in terms of the £~|£pi, with the present work on fo i l  specimens of 1 0 0  ym 
grain size a t the same stra in  amplitude.
The higher value of the flow stress fo r  the fo i l  specimens can be 
related to the higher in i t i a l  y ie ld  stress of -  25 MPa compared with 
= 12.75 MPa fo r  rod specimens, due to the d if fe re n t  grain size (Section 3 -4 ) .  
The dependence of the y ie ld  and flow stresses on grain size in pure Cu a t  
low strains was previously reported by Thompson and B a s k e s ^ ^ .  In 
addition, Yanchishin e t a l ^ ^ ^  found that fo r grade Mg Copper, the y ie ld  
stress dependence on the grain size follows the Hall-Petch re la t io n ,  
although no range of grain size was given. On the other hand, both curves 
in Figure 7B-2 reach a saturation value of flow stress a t  approximately 
equal values of r |e  | .  Therefore, within the error in the measurements, 
i t  is concluded that the cyclic hardening values fo r  the m u ltic rys ta ll in e  
fo i ls  are comparable to the push-pull fatigue of po lycrystalline rods 
in the case of Cu.
7B-3. Flow stress dependence on the grain size in 47% Ni a llo y .
The e f fe c t  of grain size on the flow stress of fatigued 47% Ni in 
Figure 6-4 may be explained in terms of grain hardening and grain boundary 
hardening. A s im ilar  proposal has been made fo r  the tensile  deformation 
of A1 and Cu by H a n s e n ^ ^ ^ '^ .
The higher values of the flow stress (in  the rapid and the saturation
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hardening stages) for the smaller grain size are caused by the presence 
of a larger volume fraction of grain boundaries acting as obstacles 
to the dislocation motion. Hence, the major contribution to the flow 
stress is due to the dominance of the grain boundaries. At larger  
grain sizes, grain hardening w i l l  be more e ffec tive .
In Figure 7B-3, the data fo r  the saturation of flow stress versus 
the grain size are compared with the curve of the Hall-Petch type 
obtained by Robins and C h a rs le y ^  including the data from the present 
work. In this f ig u re , a l in e  through the a$ points has been drawn 
para lle l to that through the aj points. Within the lim its  of accuracy, 
the separation of the two lines represents a constant value o f = 90 MPa 
independent of the grain size up to -  50 ym. Accordingly, i t  is suggested 
that the e f fe c t  of the d if fe re n t  values of Ae of -  4.4 x 10~3 and
—3s 5.5 x 10 as calculated fo r  the 15 ym and the 50 ym grain sizes (Section 
7A-2), on (a$ - a j)  is too small to be observable. For the largest grain 
s iz e ? there is an obvious deviation from the Hall-Petch re la t io n . This 
is c learly  shown fo r  several specimens of 100 ym grain size in Figure 6 -4 .
In Figure 6-4 , the meeting (or perhaps the crossing) of the curves 
fo r  the 50 ym and 100 ym grain sizes, near saturation is not a new 
phenomenon. A curve crossing behaviour was found to occur in the rapid 
hardening stage of 45 ym and 150 ym grain sizes of rod 47% Ni specimens 
fatigued a t the high amplitude by Shim m in^. This behaviour which has 
not yet been fu l ly  understood was also found to occur in Cu and A1 during 
tensile  deformation by Thompson and B a s k e s ^ ^ .  Some authors, among 
them H a n s e n ^ ^ ,  have explained this behaviour by a variation in texture  
caused by differences in thermal and mechanical h istory. This is considered 
unlike ly  fo r the a lloy  concerned from the results of X-ray measurements, 
as w i l l  be shown in Section 7B-5. One possible in terpreta tion  may be th a t
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for  the larger grain s ize , the e f fe c t  of grain boundary hardening is 
less than for the smaller grain size; according to H a n s e n ^ ^ , this 
w il l  depend on the s tra in . At s u ff ic ie n t ly  high s tra ins , the e f fe c t  of 
boundaries w i l l  disappear; consequently a t a lower value of s | |  
i . e .  for  a smaller number of cycles, the grain boundaries in the 50 ym 
grain size. specimen may s t i l l  have some e ffec t  on hardening, but as 
the number of cycles increases i . e .  near saturation, the ir  e f fe c t  w i l l  
become neg lig ib le . Grain hardening for the 100 ym grain size specimens 
may be dominant throughout the te s t ,  leading to the curve meeting.
The present results and those obtained by Shimmin^ may suggest 
that in the 47% Ni a l lo y , there exists a c r i t ic a l  value of grain size 
above which the values of a$ versus d w i l l  deviate from the Hall-Petch  
re la t io n . The c r i t ic a l  value would appear to be near to 50 ym.
7B-4. The e f fe c t  Of Ni composition and strain amplitude on the flow stress
I t  has been shown in Section 3-4 that in Cu-Ni a lloys, the y ie ld  
stress depends upon the grain size and that this dependence increases with 
the Ni concentration, as is evident from the work of Shim m in^. The 
dependence of the flow stress on concentration in the states o f rapid 
hardening and of saturation, are shown in Figure 6-1 fo r  comparable grain 
size alloys during fatigue a t the high amplitude. The results can be 
explained in terms of the impeding of the dislocation motion by solute 
atoms, or solute atom clusters, acting as obstacles which may also lead 
to an increasing d i f f ic u l ty  of cross-s lip .
In the rapid hardening stage at the high strain amplitude there 
seems to be a small difference in the values of the flow stress fo r Cu 
and the 10% Ni specimens. Considering the higher value of aj for  the 
a llo y , the results suggest that the rate of hardening is greater for Cu, 
although the difference in the p las tic  strain amplitude per cycle for the
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two materials is always < 3%. When the comparison is made a t  the low 
stra in  amplitude, the difference is considerably larger and Cu shows 
much higher values of the flow stress up to the saturation value, which 
is found to occur a t  = 1 x 103 cycles. The results may not be surprising  
since the p las t ic  s tra in  amplitude per cycle a t  a given number of cycles 
is s ig n if ic a n t ly  larger for Cu than fo r  10% Ni when fatigue is carried  
out a t the low amplitude. This la t t e r  e f fe c t  implies a higher dislocation  
density. TEM obs-ervations by Charsley and R o b in s ^  indicated a 
lower dislocation density in fatigued 20% Ni than in Cu a t the low 
amplitude.
I t  may be concluded that for low alloy concentrations, the flow  
stress in the rapid hardening stage is more sensitive to a change in the 
stra in  amplitude than to a change in the concentration of Ni atoms.
In contrast, a t  higher a lloy  concentrations (> 10% N i) ,  the stra in  
amplitude becomes re la t iv e ly  less important. As saturation is approached, 
the 10% Ni a lloy  shows a higher value of o$ compared with pure Cu for  
each stra in  amplitude concerned. This can be explained in terms of the 
larger number of cycles required fo r  the alloy before the p las tic  s tra in  
amplitude per cycle reaches a saturation value, and hence a saturation  
stress.
Previous measurements^’^  have shown that at the low stra in  
amplitude, i t  was not possible to achieve saturation of the 30% Ni and 
47% Ni fo i l  specimens because of the intervention of grain boundary cracking. 
On the other hand, saturation was observed for these alloys when fatigu ing  
was carried out a t the high stra in  amplitude as shown in Figure 6 -1 .
In such highly concentrated a lloys, the cross-slip is reduced 
appreciably, i . e .  the s lip  is more confined to the primary s l ip  system.
This has been discussed by Mughrabi and W ang^) on the basis o f TEM 
studies of some Ni-Co and Ni-Fe alloys. They pointed out that alloys of
- 1 4 0 -
high y ie ld  strength can exh ib it  planar s lip  in spite of a re la t iv e ly  
hi-gh SFE.
As mentioned in Section 3-5 , there is some ambiguity about the
behaviour of the SFE in Cu-Ni a lloys. However, any change in the SFE
with composition in these alloys is expected to be small. Therefore,, the
decrease in the s l ip  band separation with increasing Ni concentration, as
concluded in Section 6-3 is unlikely to be related to differences in
the SFE values. This requires further confirmatory measurements of the
SFE. However, the behaviour may be explained in terms of the y ie ld
strength as discussed by Mughrabi and W a n g ^ ) .  These authors derived
an equation in which the s lip  plane separation (Y ) over which cross-slip
can occur is inversely proportional to the y ie ld  stress (<jj) according to
the relationship:
v < Gb S1' n 6 (1 -  cos 6 )
s "  2 ir a j  ( 4>p -  <|>c ) . .
where G, b and e are the shear modulus, Burgers vector and the angle 
between the primary and the cross-slip planes respectively, whereas <f>c 
and <}>p are the Schmid factors of the cross-slip and the primary s l ip  
systems respectively . I t  was proposed that Y$ is a suitable material 
parameter to characterize the s lip  mode. For example, i f  aj is large, 
then cross s lip  over large distances is impeded, and the material w i l l  
probably exh ib it  planar s l ip ,  w h ils t i f  aj is small, the material is 
more l ik e ly  to exh ib it  wavy s l ip ,  because cross-slip can occur over very 
short distances.
The slower rate o f hardening for higher Ni concentration alloys
in Figure 6-1 is probably a consequence of the above e f fe c t ,  which in
turn implies a larger number of cycles to reach the saturation stress
because of the increasing d i f f ic u l ty  o f cross-slip . Cross s l ip  is
essential on current fatigue hardening theories so that a matrix structure
H34)of dislocation dipoles can be formed, e .g . Kuhlmann-Wilsdorf and Lairdv ' .
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Saturation requires a certain stress level fo r  a given amplitude and 
m ateria l.
The question of whether stress saturation demands PSB formation 
p a rt ic u la r ly  in the highly concentrated alloys of Cu and Ni remains open. 
Extrusions and intrusions are observed on the surface of the 30% Ni 
fatigued a t  the high amplitude as shown in Plates 6-16 and 6-18 of  
Section 6-3. Unfortunately, such observations have not been made on the 
surface of 47% Ni specimens, but i t  is expected that the cyclic  
deformation fo r  both materials is not very d if fe re n t .  However, the 
in h ib it ion  of PSB formation is a d irec t consequence of the addition of  
Ni to Cu. Such an e f fe c t  is shown in Figure 6-5 , fo r  the 5% Ni compared 
with the results fo r  Cu obtained by Mughrabi and Wang^^^. Although the 
la t t e r  were obtained on rod specimens fatigued in push-pull, they are 
obtained from observations of surface grains and should be comparable with 
the 5% Ni data. The smaller fraction of grains in which PSBs could be 
observed fo r 5% Ni specimens compared with Cu a t  a given value of ACp can 
be attributed mainly to the e ffec t  of solute atoms. Extrapolation of the 
curve fo r  the 5% Ni suggests that there exists a threshold value of 
= 2 x 10" 4 fo r  Aep below which PSBs do not form, this threshold value is 
nearly an order of magnitude larger than the value for pure Cu, as 
deduced from Figure 6-5.
The equation given in Section 6-2 fo r  the universal hardening curve 
of Figure 6-2 can be re-w ritten  as follows:
aN - ° I  = <°s -  ° l )  U - e - 3 ‘ 8 2 (N/Ns)2 ] 
or aN = aj + F [ (a$ -  a j)  ; N/N$]
This relationship c learly  suggests that a  ^ is the sum of two independent 
terms, a solute hardening term which appears in the term Gj and a 
dislocation hardening term g^. The to ta l flow stress is the sum of those 
two terms. A s im ilar suggestion was also made by Neuhauser e t  a l ^ ^  fo r
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stage I I  unidirectional deformation of Cu-5% and 10% Ni monocrystals.
I t  has been shown by Charsley et a l^7  ^ and in the present work that 
( a  - a . )  does not vary s ig n if ica n tly  with composition; the main
J J.
variation is of gj and Ns . The flow stress a t saturation can be 
wri tten as:
°s = ° l ( x) + aD
where X is the concentration of Ni atoms. For pure Cu, -  0, and
Qj(0) -  25 MPa. The- variations in the contributions from Gp and
Gj(_X) -  Gj(0) as a function of Ni concentration are shown in Figure 7B-4, 
in  which the la t t e r  is seen to be l in e a r ly  dependent upon the solute 
concentration. The reason fo r  the lower value of Gp fo r  47% Ni is not 
clear; i t  could be due to less e ffec tive  grain boundary hardening fo r  
such a grain size (= 50 ym) as discussed in Section 7B-3.
The physical significance of the functional re lation fo r  the universal
hardening curve shown in Figure 6-2 , can be understood, i f  the fatigue
hardening is considered in a general way, to depend upon dislocation  
trapping processes in the early stages and upon the s ta b il iza t io n  of low 
energy dislocation configurations in the la t te r  stages. When N «  Ns ,
i . e .  x is very small, then by expanding the exponential and discarding a l l
i
terms except the f i r s t  two, the function takes the form Y x2. Since
x « n i t  follows that the hardening in this l im i t  is proportional to N2,
as suggested by Kuhlmann-Wilsdorf and L a i r d ^ ^ 9^ )  and discussed
recently by A li and C h a r s l e y ^ ^ . The exponential form becomes important
dY ctx^in the Tatter stages of hardening since, fo r  large x , -g— e . As 
saturation is approached, elements of the system achieve an equilibrium  
state and are lo s t  from the point of view of contributing to fu rther  
hardening. I t  should be pointed out that the above equation for the 
universal hardening curve can only be an approximation since fo r  N = N$ 
the expression does not predict the complete cessation of hardening.
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The normalized hardening curves fo r  Cu and the 10% Ni fatigued  
a t  the low stra in  amplitude did not f i t  the universal curve and are 
compared to the high amplitude fatigue in Figure 7B-5. The higher values 
of the fractional change of hardening fo r  Cu may be due to the higher 
value of Ep per cycle in the early stages of hardening as discussed 
e a r l ie r  in this Section.
7B-5. Comparison- of- cyclic hardening between fo i l  and rod specimens of 
47% Ni a l lo y .
The variation o f the flow stress with cumulative p las tic  s tra in  fo r  
the 47% Ni fo i l  specimens, is compared in Figure 7B-6 with the results  
fo r rod specimens obtained by Shimmin^ on material of comparable grain 
s ize , using the high stra in  amplitude. The flow stress is higher fo r  the 
fo i ls  fo r  z|e | * 0.3 and the saturation stress occurs a t  a la rger value
r
° f  s |C p |. The la t t e r  is not l ik e ly  to be a multi c rys ta ll in e  e f fe c t  as 
discussed by Thompson^) since a po lycrystalline fo i l  specimen of 
= 15 ym grain size (= 7 grains per cross section) saturates a t  approximately 
the same number of cycles as specimens with 1 grain or 2 grains in the 
cross section; nor are the differences l ik e ly  to be due to d i f fe re n t  testing  
methods,since the results for pure Cu specimens discussed in Section 7B-2, 
did not show such e ffec ts .
Chars!ey e t  a l ^  plotted values of (as - a^) versus Ni concentration 
in % fo r  rod specimens fatigued at the high amplitude and found that the 
value a t saturation decreases not only with the increasing concentration 
of Ni in the range 0-47%, for comparable grain size specimens, but also 
with decreasing grain size fo r  a given composition. The la t t e r  e f fe c t  
however, was found to be negligible fo r  alloys with < 2% N i . At higher 
compositions, (as - a j ) was found to be increasingly dependent on the grain  
s ize , being greatest fo r  the 47% Ni (the value was found to be -  75 MPa
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fo r  specimens of 150 ym grain size compared to -  50 MPa fo r  specimens 
of  ^ 45 ym grain size) These measurements and those shown in Figure 7B-6 
may suggest that the fatigue hardening of poly or m ultic rys ta lline  
Cu-Ni alloys is dependent on the depth. The surface and near surface 
grains are hardened to the greatest extent while grains in the in te r io r  
a tta in  a lower degree of hardening. This "depth effect"  must be supposed 
to increase with the concentration of N i , and hence with the value of a j .
An a lte rnative  explanation can be attempted on the assumption of 
differences in preferred orientation in the annealed rod and fo i l  
specimens of d i f fe re n t  grain sizes. However, X-ray measurements of the 
fo i l  specimens with grain sizes of 15 ym and 25 ym as well as of rod 
specimens of 30 ym grain size showed no detectable preferred orienta tion .
I t  was not possible to investigate the larger grain sizes with the simple 
techniques used because of the diameter of the X-ray beam. Therefore, 
although the X-ray studies suggest that preferred orientation is  not 
important, this e ffe c t  cannot be ruled out without further measurements .
I t  should also be noted that TEM observations of the 47% Ni material have 
indicated that an orientation of the surface of <0 1 1 > is observed to 
an extent which is more than would be expected fo r  a purely random 
orienta tion , C h a r s l e y ^ ^ .
The proposal of a "depth effect"  seems reasonable to explain the 
differences in -  a j ,  fo r  rod specimens with d if fe re n t  grain sizes on 
the one hand, and between rod and fo i l  specimens of comparable grain 
sizes on the other. I f  the rate of cyclic hardening is approximately the 
same fo r  near surface and bulk grains, then the increased tota l hardening 
fo r  the fo i l  specimens w i l l  require a larger number of cycles.
7B- 6 . The cyclic  s tress-stra in  curve of the 10% Ni a lloy  - comparison with Cu.
The CSS curve p resen ted  in  Figure 6-3 f o r  the  10% N i, i s  s im i l a r  in  some
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respects to that obtained by Mughrabi and Wang(79,83  ^ fo r  polycrysta lline  
rod specimens of Cu with grain sizes of « 25 ym and 15 ym, using constant 
plas tic  stra in  amplitude tests . In both cases, no plateau region was found. 
These curves are shown in Figure 7B-7, together with two data points 
obtained for pure fo i l  Cu, in which the lower data for is taken from 
the results of Chars!ey and Robins^3) .
Surface observations of the 10% Ni specimens did not reveal any 
PSBs during fatigue fo r  -  8 x 10" 5 up to -  1 x 106 cycles. However,
PSBs have been observed in fatigued specimens of this a lloy a t  £p of 
» 6 x TO”4 by Charsley and S h iim rin ^ . Mughrabi and Wang^83  ^ determined 
a threshold value fo r  Ae -  5 x 10~ 5 below which PSBs were not formed in
r
Cu. For the 5% N i, this value was estimated in Section 7B-4 to be 
-  2 x 10“\  As discussed in Section 7B-4, i t  is reasonable to conclude 
that the threshold value for A£p in Cu-Ni alloys increases with Ni 
concentration. On the assumption that this is a l in ear dependence, a 
value of -  4 x lO” 4 is deduced fo r  the f i r s t  nucleation of PSBs in the 
fatigued 10% Ni which is in agreement with observations. This is indicated  
by an arrow on Figure 7B-7 and by the dashed line  on Figure 6-3; which 
corresponds approximately to the amplitude a t  which the CSS curve shows a 
rapid reduction of slope (region B) compared with the low amplitude region (A). 
This region is s im ilar  to that of mono and po lycrystalline Cu fo r  Ae^ <
5 x 10" 5 reported by Mughrabi and Wang^79,83  ^ and Figueroa e t  a l^ 39  ^ and 
shown in Figure 3-2b in terms of Yp-
When the CSS curve fo r  Cu is considered, i t  can be seen that the 
saturation stress fo r  the fo i l  specimens, at the lowest amplitude agrees 
well with the values obtained by Mughrabi and Wang^79^, and the CSS curves 
fo r  both f o i l  materials are para lle l with a difference equal to the 
difference in the i n i t i a l  y ie ld  stresses, within the accuracy of measure­
ments. However, fo r  a p lastic  stra in  range above -  1 x 10“ 3, the
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saturation stress fo r  fo i l  specimens increases much more slowly with 
plastic  s tra in  than fo r  the bulk specimens. For th e ir  p a rt ,  Mughrabi 
and W a n g ^ ) ,  have shown that th e ir  values fo r  as , in the appropriate 
range of e , vary with the Ae according to the expression,
r  r
as = 376 (Ae / 2 ) 0 * 175 HPa 
The value of Ae above which the saturation stress begins to exceed the
r
above relationship is indicated by an arrow on Figure 7B-7 and is called  
by Mughrabi and Wang the transition from stage I I  hardening to stage I I I .
The present results fo r  the fo i l  specimens, in the range investigated, 
do not suggest such a transition  stage however.
In the l ig h t  of the above results , i t  is expected th a t fo r  
Ae s 1 x 10"3, the measured hardening for the m u lt ic ry s ta ll in e  specimens
r
of Cu is s im ilar to that fo r the po lycrystalline specimens, i t  is also 
suggested that the surface and bulk grains deform s im ila r ly .  When comparison 
is made at A^p -  5 .5 .x  10" 3 which corresponds to the high amplitude 
fa t igu e , then the value of as measured by Mughrabi and Wang fo r  rod specimens 
is much higher than the value obtained by Shimmin^ and presented in 
Figure 7B-2. This could be due to one or both of the following reasons:
The e f fe c t  of d i f fe re n t  grain sizes, or the e f fe c t  of possible buckling 
during the tes t which would lower the measured stress le v e l.
Although the volume fraction of PSBs in region B in both mono and 
polycrystalline Cu increases with e , the essential difference is the 
presence of the plateau region in the case of monocrystals. Mughrabi and 
Wang^^ related the plateau to the existence of a uniform localized  shear 
strain  across the specimen cross section caused by PSBs. In polycrystals  
however, the changes in orientation from grain to grain do not permit the 
establishment of such a uniform stra in  across the specimen cross section.
In the la t te r  case, the existence of a localized region o f high p las t ic  
strain (PSBs) within a bulk grain gives rise to an internal stress due to
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constraint by the surrounding grains as suggested by Pedersen e t  al 
and pointed out by Ali and Charsley^29^. The internal stress acts to 
oppose s lip  in the PSBs and increases the peak stress in accordance with  
observations. The above in terpretation  may explain the behaviour of the 
multi crystal l in e  specimens in which the slopes of the CSS curves shown 
in Figure 7B-7 are much smaller than the bulk polycrystalline Cu.
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CHAPTER 8  
GENERAL CONCLUSIONS
The present investigation has shown that in Cu-Ni alloys with 
Ni concentrations between 5% and 47% Ni, clusters of Ni atoms are 
formed during furnace cooling from high temperatures. The break-up 
of these clusters during fatigue by moving dislocations is a major 
contribution to the e le c tr ic a l re s is t iv i ty  changes; the dislocations  
are most l ik e ly  to penetrate the clusters rather than circumvent them.
On annealing fatigued specimens, reformation of Ni clusters takes place.
E lec tr ica l resistance measurements during fa tigue, indicate that  
the break-up of Ni clusters may decrease or increase the re s is t iv i ty  
depending on the a lloy  composition. The c r i t ic a l  composition is 
suggested to be near 27% Ni, in agreement with previous a u th o rs ^ 9^ 9^ . 
The e le c tr ic a l r e s is t iv i ty  increases during the fatigue of Cu, but there 
is an in i t i a l  decrease in the case of the a lloy  with 5% N i , so i t  is  
suggested that there must ex ist a c r i t ic a l  a lloy  concentration in the 
range between 0 and 5% Ni, below which the r e s is t iv i ty  should increase 
during fatigue.
At least two types of point defect are expected to be produced 
during fatigue a t  78K and 295K, but one type ( in t e r s t i t i a l )  is assumed to 
be annealed out during the test a t 295K and cannot be detected in any of 
the a lloys. In addition, point defect concentration is higher a t  78K.
No change in the resistance was observed during the fatigue of the 
47% Ni alloys a t = ± 0.4 x 10" 3 for grain sizes between 15 ym and 
100 ym as well as for the 30% Ni with 50 ym grain size; alloys with lower 
Ni concentration show d iffe re n t effects however. When e^ is increased to 
± 0.8 x 10“3, the resistance begins to increase for the 30% and the 47%
N i, and fo r the la t te r  a lloy  a t a number of cycles which depends upon the
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grain s ize. The results for the la t te r  a lloy may be used to improve 
the s e n s it iv ity  of a fatigue gauge made from a constantan a llo y . When 
fatigue was carried out a t  e^ . = ± 3.8 x 10“ 3S the change in the 
resistance was approximately the same for the 47% Ni a lloy  independent 
of the grain s ize , up to crack in i t ia t io n .
Measurements of the resistance changes during the isothermal annealing 
a fte r  fatigue a t  295K fo r  alloys with d if fe re n t  Ni composition, suggest 
that there are two ranges for the activation energy of point defect 
migration. The higher range of values was found to decrease with increasing 
Ni concentration.
Ageing of the annealed spcimens fo r  one year a t  « .600K has a pronounced 
e ffec t  on the r e s is t iv i ty ,  pa rt ic u la r ly  fo r  the 47% N i, which is presumed 
to be due to the enhancement of Ni clusters. The la t te r  e f fe c t  is thought 
to influence the magnetic moment of this a lloy considerably. However, 
the e f fe c t  of ageing on the y ie ld  stress was almost neg lig ib le , which 
suggests that the e f fe c t  of clustering on the flow stress is in s ig n if ic a n t .
I t  is suggested that vacancy clusters are formed in Cu during 
fatigue a t  d i f fe re n t  strain  amplitudes, in agreement with other observat- 
io ns^^^9^ ^ 5^ ^ . The continuous formation of these clusters is thought 
to be the reason for the observed r e s is t iv i ty  increase beyond the saturation  
o f flow stress.
The e f fe c t  of adding Ni to Cu causes a reduction in the number of 
grains showing PSBs, compared to pure Cu. As in the case of Cu, PSBs do 
not form in Cu-Ni alloys below a certain value of p las tic  stra in  amplitude, 
depending on the a lloy  composition. For the a llo y  with 5% N i, this value 
is estimated to be an order of magnitude larger than the value fo r  pure Cu.
In addition, the spacing of PSBs decreases with an increase both in Ni 
concentration and in strain  amplitude.
At = ± 3.8 x 10"3, normalized values of the peak stress and of
the number of cycles can be f i t t e d  to a single curve of an exponential 
form fo r  a l l  the a lloy  specimens in the range of (0-47)% N i . Such 
a curve is not valid  a t = ± 1.4 x 10” 3. This is explained on the basis 
of s im ila r it ie s  in the deformation at the high amplitude.
At the higher stra in  amplitude, the fatigue hardening for  
m ulticrys ta llin e  fo i l  specimens of Cu is s im ilar to bulk po lycrystalline  
specimens of comparable grain sizes; whereas, the fatigue hardening 
behaviour for multi and po lycrystalline specimens of 47% Ni is d if fe re n t  
under s im ilar conditions. For the la t t e r  a llo y , there seems to ex is t  
a c r i t ic a l  value of the grain size near 50 ym above which the relationship  
between ag and grain size is not of the Hall-Petch type.
The CSS curves for the fo i l  specimens of Cu and the 10% Ni alloy  
are s im ila r , and fo r  both materials the slopes of the curves are s ign ifican- 
less than for bulk specimens of Cu, as presented by Mughrabi and Wang^^ .
From the present investigation, i t  would appear tha t further work 
could provide useful information regarding the properties of Cu and Cu-Ni 
alloys, as follows:
1. The fatigue of alloys with concentration lower than 5% N i, to 
investigate the importance of clustering ( i f  any) on the re s is t iv i ty  
changes, and to find the c r i t ic a l  composition below which the 
r e s is t iv i ty  increases with cyclic deformation.
2. The e f fe c t  of clustering on the re s is t iv i ty  changes in Cu-Ni a lloys, 
can be studied further by fatiguing specimens of 5% and 10% Ni 
containing a minimum state of ordering, i . e .  quenched samples, and 
to compare the results with those of furnace cooled specimens.
3. In order to id en tify  the point defects introduced (and presumably 
retained) during fatigue a t  low temperatures, and to determine whether 
or not they are d if fe re n t  from those produced during room temperature 
fatigue (see Section 7A-1), the following techniques may be useful:
(a) the measurement of the activation energy fo r  point defect migration
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during isothermal annealing up.to -  600K for a lloy  specimens 
fatigued at 78K, or preferably a t  4.2K.
(b) Positron annihilation measurements on fatigued specimens a t
d if fe re n t  temperatures and subsequent annealing, since positrons 
can be trapped by vacancies, but not by in t e r s t i t i a ls ,  e .g .
Dlubek e t a l (^ 5 ,4 6 )^
4. The weak beam technique could be used to measure the density o f point 
defect clusters a f te r  room temperature fatigue of Cu and Cu-Ni alloys a t
= ± 1.4 x 10“ 3 and ± 3.8 x 10" 3 to study the importance of such clusters 
on the observed difference of as discussed in Section 7B-1.
5. A comparison of the flow stresses during annealing from 78K fo r  
rod specimens of Cu-Ni alloys a f te r  fatigue a t  this temperature and fo r  
specimens which have only been fatigued, might provide in d ire c t evidence 
fo r  the e ffe c t  of point defect clusters on the flow stress, as previously 
suggested for C u ^ 9^ ^ ,  and reviewed in Section 3-6.
6 . Fatigue hardening curves fo r  47% Ni rod specimens of 15 ym and 25 ym 
grain size a t  = ± 3.8 x 10“ 3 could be compared to fo i l  specimens with 
a s im ilar grain size (see Fig. 6 -4 ) ,  and to those obtained by Shimmin^  
on rod specimens with a larger grain s ize . In addition, measurements of 
the flow stress fo r  specimens of 30% and 47% Ni fatigued a t  1.4 x 10" 3 <
< 3.8 x 10" 3 are recommended, in order to determine the CSS curve.
In a ll  cases, surface observations of fatigued specimens could be helpful 
in the in terpretations.
7. I t  is of in te re s t to compare the CSS curves of mono and po lycrysta lline  
rod specimens of 10% Ni a lloy with the relevant curves for Cu and Ni 
(Section 3 -2 ).
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